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Chapter 1: Introduction and Project Objective

Project Obiective

The objective of this project was to develop a model that can be used to

evaluate the design and performance of a multiple staged anoxic-aerobic

wastewater treatment system. This type of system has general application, and

was first used at the 91st Ave. wastewater treatment plant in Phoenix, Arizona

The model simulates the concentrations of ammonia, nitrate, and nitrite in each of

the stages of the ten-stage system, using a Microsoft Excel spreadsheet. The

oxygen consumption rate is also computed in each stage. The staged treatment

system performance was evaluated as a function of various design and operating

parameters which include the effect of Solids Retention Time (SRT), the internal

recycle flow rate and distribution, and aeration tank DO concentrations. Two

models were developed for comparison. The first model was based on Michaelis-

Menton kinetics. The second model was a modified version of the first model that

takes into account soluble substrate uptake and storage in the initial stages.

Background Information

Nitrification and Denitrification Processes

Anoxic/aerobic treatment systems are used in wastewater treatment for the

control and removal of nitrogen. Nitrogen concentrations in treatment plant

effluents must be controlled in order to avoid adverse effects in receiving waters.

High effluent ammonia-nitrogen concentrations may result in depletion of

dissolved oxygen in receiving waters, thereby having a negative impact on aquatic

life. Significant nitrogen concentrations in effluent can also accelerate the
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* eutrophication of lakes and allow for the growth of rooted aquatic plants and algae

in streams. Therefore, nitrogen control strategies are an important part of

wastewater treatment (Metcalf and Eddy, Inc., 1991)

The biological removal of nitrogen from wastewater requires a two step

process. The influent ammonia is first converted to nitrate through a process

known as biological nitrification. The transformation of ammonia-nitrogen to

nitrate-nitrogen does not result in nitrogen removal, but it does eliminate its

oxygen demand (Metcalf and Eddy, Inc., 1991). The nitrate can then be used as

an electron acceptor under anoxic conditions (without oxygen), and can

subsequently be reduced to nitrogen gas through a process known as

denitrification (Stensel, 1992(a)). When describing the denitrification process, the

term "anoxic" is used rather than "anaerobic". This is because the principal

metabolic pathways involved in denitrification are modified aerobic pathways

using nitrate as the final electron acceptor, rather than anaerobic reactions.

(Metcalf and Eddy, Inc., 1991).

Nitrification is a two step process involving two different genera of nitrifying

bacteria. In the first step, Nitrosomonas converts ammonia to nitrite. In the

second step, nitrite is converted to nitrate by Nitrobacter (Metcalf and Eddy, Inc.,

1991). This two step oxidation process is generally written as follows:

2NH4 + + 302 > 2N02- + 4H+ + 2H 2 0 via Nitrosomonas

2N0 2- + 02 > 2N03" via Nitrobacter

* Nitrification is an autotrophic process. Ammonia oxidation provides the energy

for growth of the nitrifying microorganism and carbon dioxide is used for cell
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synthesis. This can be contrasted with heterotrophic organisms, which use organic

carbon for cell synthesis (Metcalf and Eddy, Inc., 1991). Dissolved oxygen

concentrations above I mg/I are required to sustain reasonable nitrification rates.

The anoxic process of denitrification can be accomplished by several different

genera of heterotrophic bacteria, such as Pseudomonas, Bacillus, Achromobacter,

Flavobacterium, and Spirillum. These heterotrophs are capable of dissimilatory

nitrate reduction in the form of the following reaction sequence:

NO3 - => NO2 - => NO =>. N 2 0 => N 2

This reaction sequence shows that the first step of denitrification involves the. conversion of nitrate to nitrite. This is followed by the production of nitric oxide,

nitrous oxide, and nitrogen gas. These three gaseous products can be released to

the atmosphere, thereby completing the nitrogen removal process (Metcalf and

Eddy, Inc., 1991). The presence of dissolved oxygen will suppress the enzyme

system needed for this dissimilatory nitrate reduction process to occur.

Phoenix 91 st Avenue Anoxic-Aerobic Wastewater Treatment Plant

The City of Phoenix 91 st Avenue Wastewater Treatment Plant provides

service for seven cities in the Phoenix, AZ area, receiving wastewater that is

primarily of domestic origin. This plant uses conventional primary and

secondary treatment with a design capacity of approximately 150 MGD. In

* September 1992, two existing aeration tanks were modified to accomplish nitrogen

removal by converting to an anoxic-aerobic system with internal recycle. The
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* purpose of the modification was to achieve biological nitrification and

denitrification without the added expense of constructing new aeration basins.

The nitrogen removal goal was an effluent total nitrogen concentration of 10.0

mg/l or less. Test results over a six month period indicated that this goal was

being achieved (Stensel, 1993(b)).

Figure 1 shows the layout of one of the two modified aeration tanks. The tank

volume is 3.72 million gallons (315 ftx 100 ft x 15.5 ft deep), and it is sub-divided

into 4-pass aeration channels with a 25 ft. width. The total flow length of the 4-

pass channel system is 1260 ft. The primary effluent feed rate into stage 1 (Ax-1)

of the basin is approximately 20 MGD. The internal recycle flow rate into stage 1

(Ax-I) and stage 3 (Ax-3) is 20 MGD and 40 MGD respectively. The return

* recycle sludge flow rate is approximately 9 MGD, and the operating solids

retention time (SRT) is around 5 days (Stensel, 1993(b)).

The basin was sub-divided into several small initial anoxic stages, instead of

using only one single anoxic stage of greater volume. This design feature was

included in an effort to reduce sludge volume index (SVI) values, and to achieve

shorter total anoxic detention times. These initial anoxic stages (Ax-1 and Ax-2),

with short detention times and high F/M ratios, serve as biological selector zones

that maximize soluble substrate uptake by non-filamentous bacteria (Stensel,

1993(b)). This helps to control sludge settling characteristics. The first two

anoxic stages in the basin (Ax-I and Ax-2) are mixed with course bubble diffusers.

The remainder of the anoxic and aerobic stages are mixed with fine bubble

diffusers. The operating dissolved oxygen concentration in the first four anoxic

zones is maintained at or near zero. The fifth stage (Ax-5) is a very short zone

with limited DO concentration. The last five aerobic zones (Ox-2 through Ox-6)
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* are operated with target DO concentrations of 2 to 3 mg/i. Significant biological

storage of SCOD occurs in the first stage of treatment (Stensel, 1993(b)).

Approximately 70 to 80 percent of the SCOD removed in the first anoxic zone is

taken into cell storage by the microorganism population in the wastewater.
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Chapter 2: Model Based on Michaelis-Menton Kinetics

A Microsoft Excel (version 4.0) spreadsheet has been used to solve the

anoxic-aerobic wastewater treatment system model. Ammonia, nitrate, and nitrite

concentrations are calculated and plotted through each stage of the ten-stage

system. Other model parameters include soluble chemical oxygen demand

(SCOD), particulate chemical oxygen demand (PCOD), and the oxygen

consumption rate in each stage. Mass balance equations were written for

ammonia, nitrate, nitrite, SCOD and PCOD for each of the ten aeration basin

stages. The oxygen consumption was based on the amount of nitrogen and COD

oxidized in each stage, and appropriate stoichiometry relationships between

oxygen consumed and unit substrate removed. Steady-state conditions were

assumed for the model solution.

Internal recycle flow is withdrawn from stage 9 of the aeration basin.

Therefore, the total flow into the first anoxic stage includes:

(Qir(1)) Internal recycle flow from stage 9

(Qras) Return flow from stage 10 (via secondary clarifier)

(Qo) Influent flow (from primary effluent)

The total flow into stage 3 includes the above listed flows and the internal recycle

flow from stage 9 (Qir(3))-

The following is a listing of typical mass balance equations in stages I and 6

for each of ine wastewater components being modeled. Descriptions of kinetic

terms within the equations are also included (see Table 1 for coefficient and



8

Table 1: Coefficient and Parameter Definitions

Symbol Definition Typical Cell #
Value on

Spread-
sheet

/i.(Ns) maximum specific growth rate for 0.50 d"1 T2
nitrosomonas nitrifiers

maximum specific growth rate for 0.F70 d" V5
nitrobacter nitrifiers

P,(H maximum specific growth rate for 3.2 d-1 P10
heterotrophs

Yns yield of nitrosomonas nitrifiers 0.10 g TSS/ T3
g NH4

Ynb yield of nitrobacter nitrifiers 0.05 g TSS/ V6
gNH4

YH yield of heterotrophs 0.35 g TSS/ N1O
g COD

K heterotrohic maximum specific substrate 8 g COD/ g N24
utilization rate TSS-d

ks half-saturation constant for soluble 20 mg/l N13
substrate (for heterotrophs)

Kos DO half-saturation coaistant for 0.1 mg/I N14
heterotrophs

Kp coefficient for particulate substrate 0.0009 R2
utilization l/mg-d

k _h DO nitrate reduction inhibition constant 0.1 mg/I P13
kon DO half-saturation constant for nitrifiers 0.5 mg/l P12
kN(ns) Nitrogen half-saturation constant for 0.5 mg/l P5

nitrosomonas
KN(nb) Nitrogen half-saturation constant for 0.60 mg/l P11

nitrobacter
K(sto) coefficient for stored substrate utilization 0.937 P16
kss half-saturation constant for stored 0.002 g/g P17

substrate utilization I I
Ss(10)/XH ratio of SCOD in cell storage to 0.000115 P19
_ _ heterotrophic biomass (stage 10) _ _g
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Ss(9)/XH ratio of SCOD in cell storage to 0.000388 P20
heterotrophic biomass (stage 9) g/g

kd(h - endogenous decay coef. for heterotrophs 0.06 g/g-d N23
kdin) endogenous decay coefficient for 0.01 g/g-d T6

nitrifiers
NOs nitrate-nitrogen half-saturation constant 0.75 mg/l N17
FDN fraction of heterotrophs using nitrate for 0.5 NI I

electron acceptor
Fn fraction of g NH4-N / g TSS 0.1 T5
O dissolved oxygen concentration 0 / 3 mg/l N15 and

N26
So influent soluble substrate concentration 228 mg/I N3

(primary effluent)
S10  effluent soluble substrate concentration 0 mg/l N3

for stage 10
S9 soluble substrate concentration in stage 9 0.1 mg/l N7
SR residual (non-biodegradable) SCOD 30 mg/l P18
NOo influent nitrate concentration (primary 0 mg/I N19

effluent)
S NO10 nitrate nitrogen concentration in stage 10 10.0 mg/l N20

N09 nitrate concentration in stage 9 6.7 mg/I N21
N020  influent nitrite concentration (primary 0.1 mg/I V2

effluent)
N02 10  nitrite concentration in stage 10 0.7 mg/l VS
N02 9  nitrite concentration in stage 9 0.9 mg/ V7
P0  influent particulate COD concentration 228 mg/I R3

_ ....... (primary effluent)
P10  particulate COD concentration in stage 392mg/I R4

10
P9 particulate COD concentration in stage 9 397mg/I R5
No influent ammonia nitrogen concentration 45 mg/l T7

(primary effluent)
N10 ammonia concentration in stage 10 2.9mg/l T8
N9 ammonia concentration in stage 9 6.3 mg/l T9
Vj volume of stage 1 0.156 MG N18
V2 volume of stage 2 0.145 MG N27
V3 volume of stage 3 0.5047 MG N28
V4 volume of stage 4 0.124 MG N29
V5 volume of stage 5 0.124 MG N30
V6 volume of stage 6 0.3394 MG N31
V7 volume of stage 7 0.4648 MG N32
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* V8volume of stage 8 0.9296 MG N33
V9 volume of stage 9 0.4648 MG N34
V10 volume of stage l0 0.4648 MG N35
VT total volume of anoxic-aerobic basin 3.72 MG P14
0_....... SRT (solids retention time) 5 days L2
Q0 influent flow (primary effluent) 20 MGD N2
QRA 9 return flow from secondary clarifier 9.35 MGD N4
Qir(1) internal recycle flow to stage 1 20 MGD N6

Qir(3) internal recycle flow to stage 3 40 MGD N25
X` heterotroph concentration 2977 mg/l N12
XNB nitrobacter concentration 31 mg/I P4
X -s nitrosomonas concentration 62 mg/I T4
Xio influent inert solids concentration 20 mg/i R6
Xi inert solids concentration 537 mg/i R7
XT total MLSS 3910 mg/ P21
Xp particulate solids concentration 300 mg/i N/A

•* The value for/,, (0.50d 1) listed in the table above was obtained from Phoenix Plant
data (Stesel, H.D.,1993(c)). The value for p.,(,) was derived by using a ratio of
terms (Px)//U<) =1.4) obtained from an EPA manual for wastewater treatmeat.
This ratio was multiplied by the value for p.,, to obtain U.(,*) = 0.70 d-1. The
remainder of the coeficients listed in the table above were obtained from a variety of
sources, including: (Abbott, 1992), (Metcalf and Eddy, Inc., 1991), and class notes
from a course entitled "Biological Treatment Systems, H.D. Stensel, 1993.

0
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* parameter definitions, and typical values assigned). For a complete listing of mass

balance equations, see Appendix C.

Description of Mass Balance Equations

.Ammonia (HA-N) Mass Balances

Stage I (Ax-1)

V dNd =0 = (Qo)(N 0 ) + (Q., )(N,,,) + (Q,,))(N,) - (Qe + QRs + Q*,,)(N,)
dt

rrem (a)!

Nos +o1)" '
rrem (b)i

-H.[(Q6SO) + (Q., SIO) + ••,I)S,) - (QO + QRS + Qf1) XS,)](F)
rrWM (0)1

-Yii(QoPo)+(Q +Qws)(PIO)-(J+P)+(,)( PO)](FN )

-r.[-(Qo +QRAS +4,(,))(P,)]YFN)
Term (d)l

+ ( Kd ) X H X V,) FN ) ( Fav ) O.N +-NIO I

(Term (e)!

Term (a) represents the flow of ammonia into and out of the first anoxic zone

in the basin. Term (b) represents the depletion of ammonia by Nitrosomonas

* (nitrifiers). The dissolved oxygen value (01) is included to take into account the
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O inhibiting effect of low DO on nitrification rates. In the anoxic stages, the

dissolved oxygen concentration (01) is assumed to equal zero. Therefore, i- the

first five stages, term (b) is equal to zero. Terms (c) and (d) represent the

depletion of ammonia by the heterotrophic uptake of soluble COD (SI) and

particulate COD (PI). Term (e) represents the addition of ammonia to the

wastewater due to the decay and death of heterotrophic bacteria. The value for

FDN is included in term (e) because only a fraction of the heterotrophic organisms

are able to use nitrate as an electron acceptor.

The ammonia mass balance for the first aerobic zone (Ox-2) is the same as the

equation for Stage 1 above, except that term (e) is replaced with the following;

+(kd)(XH XVgX(FN 0( +)

This ammonia production term (for endogenous decay) takes into consideration the

limiting effects of low dissolved oxygen concentration. The entire ammonia mass

balance for stage 6 (Ox-2) is written as follows:

V d•- 0 =(Q +QRAS + Q,( + Q4,,)(Ns) - (Q0 + QR2 + Q,) + ,3))(N6)
dt

Prom, (8)1

jY, ) (K,+ N) K.,, + 0.
pret (b)J

-Y]l,[(Qo +QRAS + Q,) + Q)xs,)-(Q +QAS + Q,)+ + )XS&)](S)FN

ITr. (01)

-Y4(QO +QR. + Q4r() + Q&(3) XP) (4 + QU + + 9,(3)XP6)]F
Ret.M (d)]
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rIT.n (0)]

Nitrate (NOt-Ni Mass Balances

Stage I (Ax-F)

v dNO, = 0= (Q)(NOO) + (Q,,S)(0. 1)(NOo) + (Q.,j,))(NO,) - (Q + Qu + Q,ý,)(NO])
di

term (a)

(1-1.42y •,F ,,P-.. (sXHf___ _No,
2.86 Yff kK. + S k +O01 ANO. +NO, I

term (b)

1.42 (kd)tXmtFDI k~h NO1,V
2.86 ~"f~m1k. + 01 ANO. +-NO,) 1)

term (c)

term (d)

Term (a) represents the flow of nitrate into and out of the first anoxic zone in

the basin. Term (b) represents the depletion of nitrate due to heterotrophic uptake

of soluble substrate. Term (c) represents the use of nitrate during endogenous

decay, and term (d) represents nitrate used due to particulate COD degradation.

* Term (d) has been multiplied by fractions that account for the inhibiting effect of
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* high DO or low nitrate concentrations on the rate of nitrate depletion by

heterotrophic organisms using N03- as an electron acceptor.

Stage 6 (Ox-2)

The mass balance for nitrate in the first aeration zone (Ox-2) is as follows:

V °O6 -0=( Q + Q + Q,)+ ,3))(No 5)-( Q + Qs + Q,)+ ,3))(No,)dt
term (a)

( , XN,)(N•02 6 6 ',,
Y~NB Kv +N026 Ak. +O06

tern (b)
_ _,.,.y + _:y , y yo

_(1-142YH & IfF__ _ NO.. ( S ,, k o, o +; o
~2.86 YK K,. +S6  h k+O06 ANO,4-N0N6 16V

term (C)

1.2,k X ~ kk NO6
2.86 ' "' ) A NO, +N0 V6

term (d)

(12.86 ) (K.)X 6+ J( NO. +NO 6

term (e)

Term (b) is added to this mass balance to represent the production of nitrate from

nitrite by Nitrobacter.

0
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Nitrite (NO27) Mass Balances

Stage 1 (Ax-1)

v dN02•=0 = (Q0X N020)+(Qs XN0210)+(Q,,)XNO2 9,)-(Q + Q, +Q,(l)XNO21)

This equation describes the flow of nitrite into and out of stage 1. This mass

balance assumes that there is no production or depletion of nitrite in the anoxic

zones, and that nitrite is not used for denitrification in the oxic zones.

Stage 6 (Ox-2)

SdV2-0 = 0(Qa +Q,, +Q*, + Q*,)(No23) -(Q6 + + + QR,)(No26 )
term (a)

_____S XNs N6 0___

S( ) KN+N 6 oK.+06}
term (b)

(M(B)UXxB 3N026  06 V

SYNB kv(. +-N02 6 A k. +o06  6)

term (c)

Term (b) represents the production of nitrite by Nitrosomonas. Term (c)

represents the depletion of nitrite by Nitrobacter.

0
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SCOD Mass Balances

Stage 1 (Ax-I)

V dS, = o = QSo + QR4SSo + Q,,1s, - (Qo + QJU + Q*,,))(s,)- (R..)(V,)
dt

where: R. = K(Fav) S1Xf J( k.4 (M NO

Rsu represents the rate of depletion of the soluble COD (SCOD).

Stage 6 (Ox-2)

V ds6= 0 = (Qo +QR, +Qt. + Q,(3))(S5)- (Q0 +Q•A + Qa) +Qj( 3))(S6)
dt

Term (a)

KS6Xff Of )V(k, +S6  0~6 +k.~ 6
Term (b)

k, +S6  kA (N0 6  )

k. +S6 H•. k( +06NO,+NO,+ 6 w)

Term (c)

Term (a) represents the flow of SCOD into and out of the first oxic zone (stage 6).

Term (b) describes the depletion of SCOD by heterotrophic organisms using

oxygen as an electron acceptor. A low DO concentration inhibits the SCOD

utilization rate. Term (c) represents the depletion rate of SCOD by heterotrophic

organisms using nitrate as an electron acceptor. High DO or low nitrate

concentrations inhibit the rate of SCOD depletion.



17

0 PCOD Mass Balances

Stage 1 (Ax-l)

dt = 0 = (Q)(Po) +(QO +QS( )(PP) ( +(QVTl1)(Q1 )-(9) +Q0 +QR ,)(P) -+,(P )
dt 190

where: r. = FDV(KPPX)( h N•1 NO
~'kk. 1 + 01 ANO, +NO,

The term labeled r, describes the rate of depletion of PCOD by heterotrophic

organisms under anoxic conditions.

Stage 6 (Ox-2)

Vdp= 0= (Q0 +QS + Q(,) +QI( 3))(PJ) (-Q +QS +Qtl) + Q.*3))(PJ)
dt

Term (a)

NO, + N06'

Term (b)

-(KP6XH V6(k. 06)

Term (C)

Term (b) describes the rate of depletion of particulate COD at low or zero DO

concentrations using nitrate. Term (c) represents PCOD degradation at higher DO

concentrations, where oxygen is used as the electron acceptor.



18

Oxyten Consumption

Equations for the dissolved oxygen consumption rate have been included in the

five aerobic stages of this model (stages 6 through 10) in units of kg 02 / hr. A

present limitation of this model is that it does not account for the oxygen used in

the anoxic stages due to the use of course and fine bubble aeration for mixing

The equation for stage 6 (Ox-2) is shown below as an example:

Stage 6 (Ox-2)

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

= r.+1. 42(Kd )( K+ 06 X )JX)(V, ) +(3. 22)(rNHM,(.,))(V ) + (Li XrNO2(W) )(V6)

term (a) term Mb) term (c)

where:

r= KS f (0 )+KP(PE,)(XH)( oK6
r k ,+S 6• 6O+k. 06+K.

A 1- 11.42(Yr,)

rW (P.u(Pm) Xws(NE)1 06

YjNs ) KN+N, A0 6+k.n

S*NB) ~J(XvNXN02 6)'f 06
v,& KN +N02 6 Ac 6 k)
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Term (a) represents the oxygen consumed for heterotrophic degradation of soluble

and particulate substrate, and for endogenous decay. This term also describes the

oxygen consumed during the endogenous decay of the heterotrophs. Term (b)

represents the oxygen consumed as a result of depletion of ammonia by

Nitrosomonas. Term (c) represents the oxygen consumed due to depletion of

nitrite by nitrobacter under aerobic conditions.

Approximation of Biomass. Inert Solids and PCODLI0.• Concentrations

An important and reasonable simplifying assumption used to solve the model

equations was that the biomass concentrations were constant from stage to stage.

This required performing a steady state mass balance for solids for the overall

* system. A similar approach was used for the particulate COD to aid in the model

solution. Mass balance equations were done for the entire ten-stage system (as a

whole) to approximate the following components:

XH (Heterotrophic biomass concentration)

XNS (Nitrosomonas Nitrifier concentration)

XNB (Nitrobacter Nitrifier concentration)

XI (Inert solids concentration)

P1 0 (effluent PCOD concentration)

These mass balance equations have been rearranged, and are listed below:

AZ,= (iAS)(SRT)X.=[1 +(kf() (SR )]
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40 where: AS = S. - S,. + Po(SRT- Q j)t SRT0 /

XNS = YNs (No - NIo)(SRT)
(I + kdt.)(SRT))O

XNB = YNB(No - N 1O)(SRT)
(1 +k8 •(.)(SRT))9

x,= (X,,o,)(SRT)

TV

Xt= XH +Xns+Xnb +XI +Xp

P10  (1.3)Xp

[This approximation assumes the relationship between
P10 and Xp can be defined with the ratio:
COD/VSS = 1.3. This ratio is used to convert P10 to Xp]

Assume P,, = P•

- + X ( =P(Io) (solve for Kp)'•= ( v(S-;T ) + K,(Xm)(VT))

The value for Xt (total MLSS) is obtained from Phoenix Plant data for the testing

date that is used in the model. The last equation can then be rearranged to solve

for Kp, with the assumption that P 10 = Pavg.

0
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Incorporation of Model into an Excel Spreadsheet

Appendix A shows the layout of the model on the Excel spreadsheet.

Column (B) lists the calculated concentrations for each of the components being

modeled. These components are calculated using the Excel "solver" function, and

are computed for each of the ten stages of the anoxic-aerobic basin. The six

components included on the spreadsheet are as follows:

SCOD --- Soluble COD concentration (mg/I)

NO --- Nitrate-nitrogen concentration (mg/l)

PCOD - Particulate COD concentration (mg/I)

N -- Ammonia-nitrogen concentration (mg/I)

N02 Nitrite-nitrogen concentration (mg/I)

Ox consu - Oxygen consumed (kg 02 / hr)

Columns (D) through (H) of the spreadsheet contain the output values produced by

mass balance equations for each component in each of the stages. These mass

balances have been written in terms of cell references. All kinetic constants and

initial input values for this model are located in columns (L) through (X) of the

spreadsheet. The lower portion of the spreadsheet contains output graphs and

tables, describing the changing concentrations through the ten stage system for

each component being modeled. Typical concentration curves based on plant data

are also provided for comparison to the curves computed by mass balances.



22

. Model Solution

Any of the input values in Table A. I of Appendix A [columns (N) through

(X) on the Excel spreadsheet] may be altered for the purpose of analyzing the

effect on the anoxic-aerobic treatment system. When any of these input values are

changed, the "solver function" in Excel must be used first to solve the two

simultaneous equations for XH and P(1 0). These equations are located in rows

41-42 and columns (N) through (0) on the spreadsheet. This solver command can

be activated by clicking the Macro button in cell 0-37.

The "solver command" must then be used ten more times for each of the ten

stages in the treatment system. Using the first anoxic stage (Ax-1) as an example,

the "solver function" would be selected from the Format Menu of Excel. Cell D6

would be used as the target cell in stage 1. Cells D6 through DIO would be set

equal to zero as constraints in the "solver" dialog box. Cells B6 through B1O

would be designated as the "changing cells". The table below lists the input

requirements for the dialog box of the "solver function" in each of the ten stages.

A macro button has *een installed for each stage to speed up the solving process.

Clicking this button with the mouse will automatically activate the "solver

function" for the corresponding anoxic or aerobic stage. The button location for

each stage is also listed on the following table:
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Table 2: Input Requirements for Microsoft Excel
"Solver" Function

Stage Target Changing Cells Constraints Macro
Cell Button

Location
I D6 = 0 B6:BIO D6:D10 = 0 A5
2 D14=0 B14:B17 D14:DI7=0 A13
3 D22=0 B22:B26 D22:D26=0 A21
4 D30=0 B30:B33 D30:D33=0 A29
5 D38=0 B38:B41 D38:D41=0 A37
6 D46=O B46:B50 D46:D50=0 A45
7 D54=0 B54:B58 D54:D58=0 A53
8 D62=0 B62:B66 D62:D66=0 A61
9 D70=0 B70:B74 D70:D74=0 A69
10 D78=0 B78:B82 D78:D82=0 A77

There will normally be at least one stage within each run in which the "solver

function" cannot find a feasible solution for the set of simultaneous equations.

When this occurs, the component that did not achieve a successful solution must

be identified, and "re-solved" individually using the "solver function". This

component can be identified by observing the values listed in column (D). If the

"solver" has found a successful solution, then all of the values in column (D)

should be very close to zero. If any of the values in column (D) are not close to

zero, then the corresponding component must re-solved. This provides a seed

value that can be used to re-solve all of the mass balances for a particular stage

simultaneously. The new seed value [re-entered into the appropriate row of

column (B)] should allow for a successful solution using the "solver function" . If

not, then repeat the procedure for unsolved mass balances until appropriate seed

values are obtained (see Microsoft Excel "User's Guide" for description of

"Solver" command).
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Chapter 3: Substrate Storage Model

As previously stated, significant substrate uptake and storage of SCOD occurs

in the first anoxic zone in the aeration basin. An additional model has been

developed that accounts for substrate storage on an Excel Spreadsheet, and is

referred to in this paper as the "storage model". This model accounts for the

initial accumulation and subsequent utilization of stored substrate within the cell.

Steady-state conditions have again been assumed for this model. The

concentrations of the following components are computed for each of the ten

anoxic-aerobic stages:

ratio of soluble stored substrate to heterotrophic biomass (Ss/Xm)

ammonia-mtrogen (N)

nitrate-nitrogen (NO)

nitrite-nitrogen (NO2)

soluble substrate as chemical oxygen demand (S)

particulate substrate as chemical oxygen demand (P)

In order to account for cell storage, the value for Ss is divided by XH throughout

this model to create a ratio (Ss/XH). This normalizes the stored substrate

concentration by relating it to the heterotrophic biomass concentration. The

following mass balances are based on the assumption that as the amount of stored

substrate per unit biomass increases, there will be a higher degradation rate.
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Description of Mass Balance Eguations

The following is a listing of typical mass balance equations for the "substrate

storage model". See Table I for coefficient/parameter definitions and typical

values. For a complete listing of mass balance equations, see Appendix C.

S_/XH Mass Balances

Stare 1 (Ax-1)

d ( X ) = (Q+I))(sS(9)/XH)+(Q )(Ss( 10)/xH)-(Q + Q,,,)(so,,/.,x)

dt

Term (a)

+ (94SO- QeSR )(O. 7) - (R ,)(V,)

Term (b) Term (c)

where:

,=)ý k. Ss(I)sx.) k.,ONO

'S~k. +e~ +(S.(1)/X,,) A kh +0GýA NO, + -NO1 ,

Term (a) represents the flow of stored substrate (Ss) into and out of the first

anoxic zone. Term (b) describes the uptake of soluble COD into cell storage.

Based on observations at the Phoenix Plant, this model assumes that 70 % of all

influent SCOD is taken up into storage in the first anoxic stage (Ax-l). In the

0 mass balance equations for stages 2 and 3, this uptake percentage is assumed to be
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@ 10 % and 100% respectively. Residual non-biodegradable SCOD is subtracted

from the influent total SCOD concentration. Term (c) represents the rate of

depletion of stored SCOD.

The stored substrate mass balance equations for the aerobic stages (zones 6

through 10) are similar to the above equation, with the exception that the Rssu

equation is substituted with the following:

v = k. ( S o,
= k 0  X ) k

One potential weakness in this model is the lack of information avalable for

estimating the following coefficients:

Ksto (coefficient for stored substrate utilization)

kss (half-saturation constant for stored substrate utilization)

For the run of the spreadsheet model shown in Appendix B, values of 0.937 1/day

and 0.002 g/g were used for Ksto and kss respectively. However, the accuracy of

these values is not known. The value for Ksto was estimated using an iterative

process with the Ss/XH mass balance equations in stages 5 through 10. A Ksto

value was chosen that would satisfy the condition that Ss in stage 10 is less than or

equal to one one-hundredth (1/100) of Ss in stage 5. In equation form:

Ss(l0) <or = (0.01)(Ss(5))

This was based on the assumption that the rate of stored substrate utilization

would rapidly start to decrease in the region of the curve where Ss(lo) is less than

(0.01)(Ss(5)). Oxygen consumption data is expected to be available from the
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O Phoenix Plant in 1994, and this will hopefully allow for a better approximation of

-the Ksto value.

SCOD Mass Balances

The SCOD mass balance for stage I in the "Storage Model" is shown below.

Stage I

v )= 0= as. + (QJS)+ (Qs )(SIO) - (Qa + Q01)+ Q x )S 1

Term (a)

-(eSo -QSR)(0.70)
Term (b)

Term (b) assumes 70 % uptake into cell storage of soluble degradable COD.

For the mass balance equations in stages 2 and 3, 10% and 100% uptake is

assumed respectively. Therefore, after the third anoxic stage, all degradable

SCOD will theoretically have been depletecL These SCOD mass balances assume

that none of the soluble substrate is metabolized by the microorganisms. All

SCOD that is removed from the wastewater in the first three stages is taken up into

cell storage. After the third anoxic zone (Ax-3), all that remains is the residual

non-biodegradable SCOD (SR), which remains at a constant concentration through

the remaining seven stages in the basin.

The remainder of the storage model mass balances are identical to the

equations listed for the model in Chapter 2 (for NH4 , NO3 , NO2 -, PCOD, and

oxygen consumption), with the exception of the following three modifications:
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Modification #1

For NH4 mass balances, term (c) is replaced with the following (using stage I

and 6 as an example):

-YR.[ X.f( R5 ,v)V)](Fv)

where:

"R. = k- .,S(m X+ J( No ot.o ) (in anoxic zones)
~k. + (S.() !X/ Z +0G No. +N0 )''

and

R =u kD ( Ss(6) / X 0o6 (in aerobic zones)
k. +(S4I) /X.V) ) +

This portion of the ammonia mass balance represents the depletion of NH4 -N used

for cell synthesis during heterotrophic utilization of stored soluble substrate.

Modification #2

For NO3 mass balances, term (b) is replaced with the following (using stage 1

as an example):
_1-1.42(Yh,

2.8 y) )[(x.r(u).•,•Vj)]

where:

R•v =k,..(, S,,,, / Xo N ,FO( k. (S~ ) I TM <.6 +o CT NO, + 0



29

The basic form of this term can be used in the NO3 mass balance equations for

both the anoxic and aerobic zones (all ten stages). This portion of the ammonia

mass balance represents the depletion of N0 3-N by heterotrophic utilization of

stored soluble substrate.

Modification #3

For dissolved oxygen consumption, the heterotrophic substrate utilization rate

(rsu) is replaced with the following equation for stored substrate utilization rate:

Rs3U =k( k,. (S346 ) 'k+tOs J+kpP(F)(Xm)(k'0o6(k+(sX6),/xr) k.+o0 + k..+06)

Incorporation of Model into Excel Spreadsheet

Appendix B shows the layout of the storage model on the Excel spreadsheet.

An additional component (Ss/XH) has been added under column (B) of each

stage, along with the associated output value produced by mass balance equations

in columns (D) through (F). A chart displaying the fluctuation of the SS/XH value

in each of the ten stages has also been added on the lower portion of the

spreadsheet. The remainder of the spreadsheet layout is identical to the model

previously described in Chapter 2.
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. Model Solution

The procedures for operation of this storage model are similar to those

described in Chapter 2 of this paper. The only difference is that one additional

mass balance equation (for Ss/XH) must be incorporated into the solution process

for each stage. Table 3 lists the input requirements for the dialog box of the

"solver function" in each of the ten stages (for manual use of the "solver"

command). Macro buttons have again been installed for each stage to speed up the

solution process.

Table 3: Input Requirements for Microsoft Excel
"Solver" Functi ufor Storage Model) ......

Stage Target Changing Cells Constraints Macro Button
Cell Location

1 D6=0 B6:BIO;B12 D6:D1O;D12=0 A5
2 D14=0 B14:B17;B20 D14:D17;D20=0 A13
3 D22=0 B22:B26;B28 D22:D26;D28=0 A21
4 D31=0 B31:B33;B36 D31:D33;D36-0 A29
5 D39=0 B39:B41;B44 D39:D41;D44=O A37
6 D47=0 B47:B50;B52 D47:D50;D52--0 A45
7 D55=0 B55:B58;B60 D55:D58;D60=0 A53
8 D63=0 B63:B66;B68 D63:D66;D68=0 A61
9 D71=0 B71 :B74;B76 D71:D74;D76=0 A69
10 D79=0 B79:B82;B84 D79:D82;D84=0 A77
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Chapter 4: Results and Discussion

Introduction

The storage model was run using the typical kinetic coefficients shown in

Table 1. The spreadsheet results are provided in Appendix B. Profile data from

the Phoenix Treatment Plant was available for eight different testing dates between

October 1992 to April 1993. A data set from 17 November 1992 was selected for

analysis in this paper because the concentrations of the various components were

in the average range when compared to the other data sets.

Some coefficient and parameter values from the Phoenix Plant profile data

were input directly into the model. These include values for:

Qo (influent flow) = 20 MGD

Qras (return flow) = 9.34 MGD

XT (total MLSS) = 3910 mg/l

Xns (nitrosomonas concentration) = 62 mg/I

Xnb (nitrobacter concentration) = 31 mg/l

The values for Xns and Xnb were computed in a summary report on the Phoenix

Plant operations(Stensel, 1993(c)). These calculations were based on the average

influent TKN, SRT, and COD removed over a two week period. The original

intention was to use the following equations for calculation of Xns and Xnb:

[m -k ,( (SRT)
[l+kd(3 )(SRT)JO
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SXN No -N(O - N1 . XSRT)
[I +kd(,) (SRT )]O

where: N, = XT(VT) (0.09)
(SRTXQO)

Nsyn = amount of influent nitrogen
used for cell growth

However, use of these equations yielded values that were 15 percent higher than

the average values obtained directly from available plant data. Therefore,

concentrations of nitrosomonas and nitrobacter (Xns and Xnb) were fixed for the

purpose of this analysis (for the SRT analysis, the Xns and Xnb values were

prorated to account for changing SRT).

0
Table 1 shows that there are many different coefficients that could

conceivably be adjusted to achieve a "better fitting curve". However, for the

purposes of this analysis, the only coefficients that were considered for adjustment

in curve fitting are as follows:

KN(,,) (nitrogen half saturation constant for nitrobacter) = 0.6 mg/l

/z,•,i) (maximum specific growth rate for nitrobacter nitrifiers) = 0.7 d"1

XIO (influent inert solids concentration) = 20 mg/l

The values for KN(ns) andz,,,) were fixed at 0.5 mg/l and 0.5 d-1 based on

testing data obtained from Phoenix Plant (Stensel(b), 1993).
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In order to run the spreadsheet model, several initial assumptions were made

for influent concentrations, and concentrations in stages 9 and 10. The internal

recycle withdrawal is located in stage 9, and therefore required an assumed

concentration for each component. Assumed concentrations for stage 10 were

needed due to the return flow that is cycled through a secondary clarifier.

Assumed concentrations for the following components are taken directly from the

Phoenix Plant Data (for the particular testing date being analyzed):

SCOD (influent)

SCOD (stage 9)

SCOD (stage 10)

Nitrate (stage 10)

Nitrate (stage 9)

Ammonia (influent)

Ammonia (stage 10)

Ammonia (stage 9)

Nitrite (influent)

Nitrite (stage 10)

Nitrite (stage 9)

These values were used to initiate the computations in the spreadsheet. The

calculated values (computed in the model) were normally very close to the

concentrations that were initially assumed. Influent nitrate was always assumed to

equal zero in this model, and the influent PCOD concentration was assumed to

equal the influent SCOD concentration (as a rough approximation).

Figures 2 through 8 show the results for the storage model using coefficient

* and parameter values as listed in Appendix B. The calculated NI-I4 , NO3 , and

N02- concentrations (produced by the model) correspond fairly well to the
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Phoenix Plant Profile Data in each stage of the ten stage system. The calculated

concentration for NH4 decreases steadily in the aerobic zones (stages 6 through

10) as NH4 is transformed into NO2- and NO 3 through the nitrification process.

As shown in Figure 2 for ammonia, the calculated influent concentration is 25 %

greater than the influent Plant Data concentration. This difference is due to the

assumption that the influent flow for the Storage Model profile for ammonia

includes TKN (Total Kjeldahl Nitrogen). However, the Phoenix Plant Data only

includes the inorganic NH4 -N, as evidenced by historical Plant Data. The influent

TKN value was assumed to be approximately 25% greater than the inorganic

NH4 -N influent value. All of the organic nitrogen is assumed to be hydrolyzed in

the first anoxic zone (stage 1). Consequently, the calculated (model) curve and the

Plant Data curve are directly comparable in later stages (Figure 2), due to the fact

that most of the inorganic NH4 -N should be released as the number of stages

increases.

The calculated curve for Nitrite (Figure 4) does not correspond to the Plant

Data curve as well as for NH4 and NO3 . The Plant Data profile shows nitrite

depletion in stages 1 and 2. The mass balance equations for the Storage Model do

not include depletion terms for N0 2 " in the anoxic stages. Therefore, the model

curve rises well above the Plant Data curve in stages I and 2. The remainder of

the stages correspond fairly well.

The model and plant data curves fo- SCOD (Figure 5) fit very well, with the

assumption that 70% of the degradable SCOD is taken up into cell storage in the

first anoxic zone. The figure shows that most of the biodegradable SCOD is

* depleted after reaching the third anoxic zone, leaving only the non-biodegradable

(residual SCOD) in the remaining seven stages.
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There is no plant data available for comparison when evaluating the profile

curves for PCOD, oxygen consumption rate, and Ss/XH (ratio of stored SCOD to

heterotrohic biomass concentration). The PCOD curve is shown in Figure 6. The

PCOD concentration accumulates in stage 1 (due mostly to the internal recycle

flow from stage 9), and is then gradually degraded in stages 2 through 10.

Figure 7 is a bar chart showing the oxygen consumption rates computed by the

model in stages 6 through 10. The rates are computed in units of kg/hr, and

converted to mg/I-hr for plotting on the bar chart. Figure 7 shows that the 02

consumption rate is fairly constant in stages 6 through 9, and drops slightly in

stage 10 due to declining NH4 and NO2- concentrations. No oxygen

consumption is assumed to occur in the anoxic stages (zones 1 through 5).

0 The stored substrate curve (Ss/XH) is shown in Figure 8. Although there is no

plant data available for comparison, the curve behaves as would be expected. The

peak amount of SCOD in cell storage occurs in the first anoxic zone, with gradual

depletion to near zero in stage ten.

Analysis of Parameter Adjustments (Usinf Storage Model)

The Storage Model as shown in Appendix B was analyzed to determine the

effect of adjusting various operating parameters. The following adjustments were

made (individually) using the coefficients and parameters listed in Appendix B as

the default values:

1) Vary SRT (Solids Retention Time)

2) Vary DO (dissolved oxygen concentration) in aerobic stages
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(6 through 10)

3) Change the internal recycle withdrawal location from stage 9 to stage 10

4) Vary the percent distribution of internal recycle flow from stage 9 to

stages land 3.

5) Increase the internal recycle flow from stage 9

Effect of SRT

The effect of SRT was varied from 3, 5, 7 and 9 days. The effect of raising

the SRT on NH4 , NO3 and NO2 - concentration can be seen in Figures 9, 10, and

11. As SRT increases, the effluent NH4 concentration decreases and the effluent

O NO3 concentration increases (see Table 4). This can be attributed to the fact that

the nitrifier biomass increases as SRT increases, thereby resulting in a greater

nitrification rate, and more rapid depletion of NH4. Figure 11 shows that the

effluent NO2- concentration drops sharply as SRT increases, due to decreased

amounts of NH14 available for transformation to NO2 - by ntrosomonas in stage

10.. The SCOD concentration remains fairly constant as SRT is increased, while

peak stored substrate (Ss/XH) ratios decline (see Figure 12). The latter effect is

mainly due to the increases in heterotrophic biomass concentration that occurs as

SRT increases.

Effect of Dissolved Oxy2en Concentration

The dissolved oxygen concentration was varied in the aerobic zones (stages 6

through 10). DO concentrations of 0.5, 1.0,2.0,3.0 mg/l were used.. The effect
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* of raising DO levels on NH4 and NO3 concentration profiles can be seen in

Figures 13 and 14. As DO is decreased, effluent NH4 concentrations increase and

effluent NO3 concentrations decrease (see Table 4). This change is to be expected

due to the inhibitory effects of low dissolved oxygen concentrations on the

nitrification rate. As the DO level falls below 2 mg/l, the rate in which NH4 is

converted into NO2 - and NO3 is reduced, resulting in higher effluent NH4

concentrations. There is little change in the profile for nitrite, with only a small

decrease in effluent NO2- concentration in stage 10 as DO increases.

Effect of Internal Recycle Withdrawal Location

With the current aeration basin design, the internal recycle flow is withdrawn

* from stage 9. One-third of this flow is directed to stage 1 (20 MGD), and the

remainder (40 MGD) feeds into stage 3. As part of this analysis, the Storage

Model was modified so that the internal recycle flow was withdrawn from stage 10

instead of stage 9. The effect on the NH4 , NO3 and NO2 - concentration profiles

can be seen in Figures 15 through 17. Changing to stage 10 withdrawal lowers the

NH4 and NO2 - curves slightly. This is due to the lower concentrations of

ammonia and nitrite that are being recycled from stage 10 (in comparison to stage

9). The change in withdrawal location raises the NO3 profile (Figure 16) due to

the higher nitrate concentration that exists in stage 10. However, the effluent

concentrations of each component remain approximately the same (see Table 4).

This would suggest that little benefit would be realized as a result of relocating the

withdrawal location. There is little change observed in the SCOD, PCOD and

stored substrate curves as a result of changing the withdrawal location.

0
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Effect of Internal Recycle Flow Distribution

The internal recycle flow distribution to stages 1 and 3 (from stage 9) was

varied with five different scenarios as follows:

Qir(1) Qir(3)

60 MGD = 20 MGD 40 MGD

30 MGD 30 MGD

4O MGD 20 MGD

5O MGD 10 MGD

60 MGD 0 MGD

As can be seen in Figures 18 and 19, the re-distribution of internal recycle flow

does not have a significant effect on the N114 and NO3 profiles, except for in

stages I and 2. As the percentage of internal recycle flow into stage 1 is increased,

the concentration of NH4 in stages 1 and 2 is decreased, and the concentrations of

NO3 and NO2 - in stages I and 2 are increased. The effluent concentrations for all

five distribution scenarios remain fairly constant (see Table 4). SCOD

concentrations drop slightly in stages 1 and 2 as increased flow is fed into stage 1

(SCOD declines by approximately 5% as flow into stage I is increased from 20

MGD to 60 MGD). Similarly, PCOD concentration also fell slightly in the first

two anoxic stages, with the effluent levels remaining essentially the same.

Figure 20 shows the effect of varying internal recycle distribution on stored SCOD

concentration, with declining Ss/XH values as flow to stage 1 is increased.
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Effect of Increased Internal Recycle Flow

The existing internal recycle flow from stage 9 is approximately 60 MGD.

The Storage Model was used to analyze the effects of varying this withdrawal flow

as follows:

Qir(1) Qir(3)

40 MGD = 13.33 MGD 26.67 MGD

60 MGD= 20 MGD 40 MGD

75 MGD= 25 MGD 50 MGD

Each of these three scenarios assumes that one-third of the internal recycle flow is

directed into stage 1, with the remainder being fed into stage 3. Figures 21 and 22

show the effect of increased flow on the ammonia and nitrate concentrations. As

internal recycle flow increases, the NH4 concentration decreases in stages 1

through 7, while NO3 concentrations increase in stages 1 through 7, and decrease

through the remainder of the aerobic zones. Table 4 shows that NH4 effluent

concentrations change very little with increased flow. Little change occurs in the

NO2 " profile, with only small concentration increases in the anoxic zones as

internal recycle flow increases. The stored SCOD curve lowers only slightly as

flow increases.
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. Analysis of Alternate Data Set (Phoenix Plant Data from 4 November 192)

The spreadsheet run shown in Appendix B was based on Phoenix plant data

dated 17 November 1992. In order to determine how well the Storage Model

would "fit" to another set of plant data, an additional run was performed using the

4 November 1992 data set. The results are shown in Figures 23 through 29. As

can be seen, the ammonia and nitrate profiles do not fit as well as was observed

with the 17 November Plant Data. However, there still seems to be an adequate

correlation with the Plant Data curve. The SCOD model curve (Figure 26) falls

below the Plant Data curve, suggesting that the percentage of SCOD uptake into

cell storage is significantly less than the assumed 70% (in stage 1). Figure 30 is

provided to show the wide variability in NH4 Plant Profile Data for different

* testing dates.

Comparison of Michaelis-Menton Model to Storage Model

The Michaelis-Menton Model (described in Chapter 2) has been run using the

same coefficients and parameters used for the Storage Model (Appendix B). The

results of the Michaelis-Menton Model are provided in Appendix A, including

concentration profile charts for each component being modeled The curves for

NH4 and NO2 - are similar to the Storage Model in terms of correspondence with

the Plant profile data. The PCOD concentration profiles for the two models are

also very similar. The NO3 profile in the Michaelis-Menton model, however, is

considerably lower than for the Storage Model (see Figure 31). The calculated

SCOD curve in the Michaelis-Menton Model (Figure 32) does not take into

* account non-biodegradable SCOD. This explains the poor correspondence

between the model and Plant Data curves for SCOD. This can be compared with
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* the SCOD profile for the Storage Model (Figure 5), which does take the residual

(non-biodegradable) SCOD into account, and provides a much closer

approximation of the actual concentrations in each stage. The SDNR (Specific

Denitrification Rate) curve shown for the Michaelis-Menton Model in Appendix B

fits much better to the Plant Data than the SDNR curve for the Storage Model

(shown in Appendix A). This suggests that the Storage Model is not sufficiently

calibrated due to lack of information for kinetic coefficients.
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Chapter 5: Conclusions

Two models have been developed to simulate various components of an

anoxic-aerobic treatment system in Phoenix, Arizona. An initial observation

suggests that both models appear to be equally sufficient in their ability to

approximate NH4 , NO3-, and NO2- concentrations in each of the ten stages.

When comparing modeled concentrations to Phoenix Plant Data, neither model

produces a precise estimate of actual concentrations within the aeration basin.

Only a rough approximation is obtained. The Storage Model should provide a

more reasonable correlation, due to the fact that it takes into consideration the

uptake of soluble degradable COD into cell storage. The Michaelis-Menton

Model does not take this into account. However, in view of the results, no

conclusion can be reached concerning the superiority of one model over the other.

An analysis was performed using the Storage Model to determine the effects

of adjusting various operating parameters. The model responded in a logical

manner, predicting decreased NH4 concentrations and increased NO3

concentrations as the SRT and DO levels were increased. The internal recycle

withdrawal location was changed from stage 9 to stage 10 as part of the analysis.

The model showed that this modification would have little effect on the effluent

NH4 , NO3 , and NO2 - concentrations. However, the model could not be calibrated

due to lack of certainty in the kinetic coefficients. Appropriate values for the Ksto

and kss storage terms are not known, and had to be roughly approximated for the

purposes of this model. Therefore, the model cannot be used to predict profile

concentrations of the various components. Nevertheless, the Storage Model could

* be used to predict trends in profile concentrations as a result of changing various

operating parameters.
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TABLE 4: Effluent Concentrations of NH4 , N03 and N0 2 "
EFFLUENT CONCENTRATIONS

(Storage Model)

Ammonia. Nitrate Nitrite
(mg/l) (mg/4) (mg/I)

Internal Recycle
Withdrawal Location

Stage 9 2.32638 10.5886 0.95286
Stage 10 2.7225 9.78687 0.98328

SRT
3 days 5.98667 7.70259 1.10224
5 days 2.32638 10.5886 0.95286
7 days 0.56086 12.6163 0.48776
9 days 0.16648 13.6194 0.199

DO
0.5 mg/I 6.08655 5.66895 1.0997
1.0 mg/i 4.21585 8.12662 1.07492
2.0 mg/I 2.85036 9.89541 1.00315
3.0 mg/I 2.32638 10.5886 0.95286

Distribution of
Internal Recycle Flow

Qir(1) Oir(3)
20 MGD 40 MGD 2.32638 10.5886 0.95286
30 MGD 30 MGD 2.32554 10.5291 0.95274
40 MGD 20 MGD 2.32546 10.507 0.95273
50 MGD 10 MGD 2.32557 10.4987 0.95274
60 MGD 0 MGD 2.32573 10.4966 0.95276

Increased Internal
Recycle Flow

QiI(1) 040()
40 MGD = 13.33 + 26.67 2.27488 11.3958 0.95736
60 MGD = 20 + 40 2.32638 10.5886 0.95286
75 MGD= 25 + 50 2.35185 10.3736 0.94915

0
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0

TABLE 4 (continued): Effluent Concentrations
Ammonia Nitrate Nitrite

Comnare Storafe Model
and Michaelis-Menton
Model

Storage Model 2.32638 10.5886 0.95286
Michaelis-Menton Model 2.39589 9.23093 0.95974

Compare 4 NOV and
17 NOV Plant Data Usin!
Storage Model

17 NOV 2.32638 10.5886 0.95286
4 NOV 2.72203 11.8047 0.97504

0
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K I .. L M N 0 P Q R

1 TABLE A.2 (INPUT VALUES FOR M-M MODEL)
2 SRT = ]5Qo= 20 K(part.) =' 0.000982
3 So= 198 Po = 228
4 Wras= 9.35 Xnb =31 P(O) 0 392.4781

5 S(10)= 0 Kn(ns) =0,5 P(9) = 397.4781
6 Qirlax-1) 20 A = 0.175874 X(i)(o) 20
7 $S9= 0 X(i) = 537.6344
8 S1= Fh= 0.1
9 Kno = 0.75
10 Y(h) = 0.35 Um(H)= 2.8
11 Fdn= 0.5 Kn(nb) = 0.6
12 .... _ Xh = 2977.459 Kon(nitrifi) 0.5
13 _Ks= 20 Koh(inhib) 0.1
14 Kos(het)= 0.1 V(total) 3.72 The Macro
15 01 = 0
16 NO1 = K (sto) = 0.937
17 NOs= 0.75 Kss (sto) = 0.002
18 V1= 0.156
19 NOo= 0
.20 NO10= 10
21 N09= 6.7 Xltotal) = 3910
22 A= 0.175874
23 Kd(het)= 0.06
24 K(hetero) 8
25 Qir(ax-3) = 40
.26 06= 3

27 V2 = 0.145,
28 V3 = 0.5047
29 V4 = 0.124.30 V 5= 0.124
31 V6= 0.3394
32 V7 = 0.4648
33 V8= 0.9296

_34 V9= 0.4648 i
35 V1O= 0.4648
36

37 1 Solve for Xh and P(10) i_
38 X(h) and the initially assumed
39 P( 0) value are estimated by
40 solvina two eauations simultaneously ........
41 X(h) 2977.459 4.55E-13 411.3998
42 1 P(O0)= 392.47811 0
431 7_
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_ _S T U V W X

2 Um(ns) 10.5 NO2o = 0.1 A= 0.503

3 Y(ns) = 0.1
4 Xns= 62
5 Fn = 0.1 Umb= 0.7
6 Kd (nitrif) . 0.01 Ynb 0.05
7 No = 45 N02(9) 0.9
8 N10 2.9 N02(10)= 0.7

9 N9= 6.3
10
11
12
13

14 ssociated with this file is ISOLV MM.XLM]
15
16,
17

19

.20

21
22

S23 ...

24

.25
26
27
28
29

30
.31
.32
33
34

35

.36
37
38
39 ,,•

41
42

L43 1....

32 _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _
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A eB. C D E F G H I
1 PHOENIX PROJECTI I(MICHAELIS - MENTON KINETICS MOD
2 Final Analysis Model (based on PHOENX27.XLS). Amended 23 NOV 93
3-4 Como. ltaw mass BelonceEutf on t i

5 AX-1 _ __ _ _ __ _

6 SCOD = 68.06068 -1.3E-07 3853.882
7 NO = 0.540159 -2.4E-08 105.7365 2.896626 8.06002 i
8 PCOD = 480.06 -5.3E-09 293.7714 f
9 N = 20.89265 -1E-06 0 21.0422 1.603992 0.583405 .....

10 NO2 0.537893 3.55E-14
11 Ox consu 0
12

13 A&-2 t ....
14 SCOD = 65.65949 2.13E-07 -

15 NO = 0.073741 3.79E-08 20.84084 0.575672 1.601222
16 PCOD = 479.8755 2.33E-09 62.78873 _

17 N 20.8045 -1.7E-121 0 4.1474511 0.318653 0.1159451
18 N02 = 0.537893
19 Ox consu 0
20
2 1 A - .. .......
22 SCOD = 23.21862 -2.1E-08

O 23 NO = 0.423677 -4E-09 205.0185 8.079959 20.68507
24 PCOD = 441.6717 -1.1E-09 233.0353
25 N = 13.82667 -1E-06 0 40.79991 4.116452 1.6273721
26 N02 = 0.7 -1E-06
27 Ox Consu 0 0
.28
29 1AX-4 .....
30 SCOD = 21.82914 -7.1E-08 1001.212
31 NO = 0.144015 -6.4E-08 21.83482 0.885877 2.267146 _

32 PCOD = 441.5274 -2.9E-07 103.9575
33 N 13.77499 -1E-06 0 4.345259 0.451175 0.1784231
34 N02 0.7
35 Ox Consu . 0 -36
37 IAX-5
38 SCOD = 21..3406 -1.7E-08] 352.0229 _

39 NO = 0.045552 _ -3.7E-08 7.677053 0.314881 0.8057531
40 PCOD =_441.4762 _ I -1.9E-07 36.94691 1
41 N = 13.7568 _ -1E-06 0 1.527779 0.16035 0.06342 '
42 N02= _ _.... .0.... ...
43 Ox Consu 0.71__ _ _ _T __

_ _ _0 _ _ _ _ I _ _ _ _ _ _ _ _ _ _
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A B C D E F G H _

44
45 i Ox-2 /6L

46 SCOD 4.657131 -7.9E-11 1477.689 12.97904_
47 NO = 0.835624 -3.4E-09 73.77928 2.282677 0.255888 0.6477731
48 PCOD = 436.7418 2.07E-09 3.683165 419.3357 _

49 N = 1 12.10356 -8.4E-10 86.60573 52.17339 14.80566 5.8677081
50 N02 = 0.843553 4.56E-09 86.60573 73.77928

51 Ox Consu 220.5524 1037.525 278.8705 81.895 5589.349
52 . ...

53 Ox-3 /7

54 SCOD = 10.677953 -1.7E-10 351.2799 4.259734
55 NO = t 2.003096 -9.6E-08 106.7535 0.749177 0.483809 1.206775 .....
56 PCOD = 430.3321 8.06E-09 6.861583 565.8419
57 N = 10.51041 -2.4E-08 117.8955 12.44389 20.04462 8.0356831
58 N02 = j0.968254 1.21E-07 117.8955 106.7535
59 Ox Consu 169.3293 575.4189 379.6235 118.4963 1973.154
60 '

61 Ox-4 /8_ __"

62 SCOD = 0.05163 1 -5.4E-14 55.17513 0.786792
63 NO = 4.443684 -2.4E-09 222.0987 0.138376 1.137867 2.7559321

645 PCOD = 417.8581 1.21E-11 15.66991 1098.88
N65 N 7.637138 -8.8E-10 231.8302 1.958667 39.00924 16.07137

66 N02 = 1.077168 3.27E-09 231.8302 222.0987

67 OxConsu 284.1862 808.703 746.4932 246.5295 1241.453
68I
69 Ox-5

70 SCOD = 1 0.007291 -2.5E-13 3.904244 0.057475
71 NO = 1 5.674778 -4.5E-07 111.9972 0.010108 0.587333 1.401601
72 PCOD = 411.7101 1.96E-09 7.969341 541.3559
73 N = i 6.230772 -3.4E-07 114.3294 0.13866 19.22638 8.035683
74 N02 1.10327 7.88E-07 114.3294 111.99721
75 Ox Consu 138.9334 388.3726 368.1407 124.3169 1173.107
76

77 QOx-6/1O 1_
78 SCOD = 0.000373 3.21E-15 0.199943 0.003082 _

79 NO= 9.230935 _ -9.8E-08 106.3925 0.000542 0.61499 1.4037431
80 PCOD = r 393.7959 1 -1.6E-11 7.981523 517.8006 _

81 N = 2.39589 _ -1.1E-07 102.18 0.0071061 18.40237 8.0356831
82 N02 = 0.959743 _ 2.12E-07 102.18 106.3925i ........
83 Ox Consu 129.6188 ... 374.661 329.0196 118.0957. 1114.459
84
85
86j i . . ..87_ + _ __ _ - _ __ _

86 ______ ______1______ ______I_______ ______ ______ ______ _____
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*M A B C D_ T E F G H I
88 AMMONIA cnetai)

89 (concentration) (concentratio) j
90 staue Calculated Plant Data__
91 0 45 35.8 17-Nov .......
92 1 20.89265 19.5
93 2 20.8045 20.5

994 3 13.82667 14.7
4 13.77499 14

96 5 13.7568 14.4
97 6 12.10356 12.7
98 7 10.51041 11.5
99 8 7.637138 8.2
100 9 6.230772 6.3 1
101 10 2.39589 2.9 _ 27
1 0 2 _ _................ ....__ _ _.....
103
104
105 Ammonia Concentration
106
107

45 •
108
109 1 4

112

113 30

114 25 1
115 E

116 • 20
117 15

118
119 10
120
121 ~
122 o
123 0 2 4 6 8 10

125 stage
126 i

1 71 - Calculated - Plant Data

129 .
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-A B C DE F H ........
130 NITRATE ____ _ .......
131___ (concentration) (concentratio) _ _

133 0 0 0 17-Nov _13 I aluatl 
i_____ 

lntD t

134 1 0.540159 0.7_ _ _

135 21 0.073741 0.7
136 31 0.423677 1.91
137 4 0.144015 1.4 _

138 5 0.045552 0.5 1
139 6 0.835624 0.9!
140 7 2.003096 1.9 _

141 8 4.443684 ___ 5.6 I

142 91 5.674778 6.7
143 10i 9.230935 10_

145
146•
147 Nitrate Concentration
148
149
150 10 7L

151 9 P

152 /,

153 84
154 7~
155
156 6±
157, E
158 ~C
159 4 '- 4
1601601 1 •

162 2±
163
164 1
165 0
166 0 2 4 6 8 10
1 67-
168 stage
170 ____= Calculated •- Plant Data

t17
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A B : C D E F G HI
173 NITRITE _

174 (concentration) (concentratiol_
175 g Calculated Plant Data
176 0 0.1 0.1 17-Nov
177 1 0.537893 0.2-
178 2 0.537893 0
179 3 0.7 0.5
180 4 0.7 0.6
181 5 0.7 0.5 _,,

182 6 0.843553 0.5 _ _

183 7 0.968254 0.5
184 8 1.077168 0.8
185 9 1.10327 0.9
186 10 0.959743 0.7 22
187 _

188
189
190 Nitrite Concentration
191
192 1.2 T

193
194O 195 I
196
197 0.8 -
198 A '
199 0.6

201 0.4 -
202
20-3
204 0.2 /
205 //I

206 I 0
207 0 2 4 6 8 10
208
209 I stop.
210
211 i = Calculated * Plant Data

212i-, 213

0" .... .
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A 80L B EC D C j D E F G H214 SOW.BLE COD .......... .

215 {concentration) (concentratio) _ _ _

216 51M _kCluld Plant Data _ _

217 0 198 228 17-Nov
218 1 68.06068 53 _

219 2 65.65949 48 _

220 3 23.21862 31
221 4 21.82914 27
222 5 21.3406 31 _

223 6 4.657131 32 _

224 7 0.677953 30 _

225 8 0.05163 34 _

226 9 0.007291 261
227 10 0.000373 1 311
228 __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 __ __ _

2298F
230
231 SCOD Concentration
232
233 f-

234 250 T
235 A,
236
237 200 m\

238
239
240 m 150 

,

2414
242•

243 0 1002 +
244
245
246 247 T
247
248
2249 01

250 0 2 4 6 8 10

20 stage

253

25t4 Calculated Plant Data

256
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A C,,_B C D E F G
257 PARTICULATE FODGH
258 (concentration) Concentration _

259 sM Cculad from Plant Data _

260 0 228 _

261 1 480.06 _XXXXXXX

262 2 479.8755 XXXXXXX ___

263 3 441.6717 XXXXXXX
264 4 441,5274 XXXXXXx
265 5 441.4762 XXXXXXX
266 6 436.7418 XXXXXXX
267 7 430.3321 ...... XXXXXXX
268 8 417.8581 XXXXXXX
269 9 411.7101 XXXXXXX
270 10 393.7959 XXXXXXX
271 ...... j _272

273H
274 PCOD Concentration
275
276 500
277

278 ~450 '278. 279 400 -

280 350 --
281282281 }300--

282 E 250
2P25

284 o 200-
2 585 150 4
286
287 100
288 50

1289H
2901 0 2 4 6 8 10
2911Stg
292 Stage
293
294

296296
H297
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A 8 C D E F G H
298 OXYGEN CONSUMPTION _ .... _

299 Calculated Oxygen Calculated Oxygen _

300 am Consumotion (K_/hr) Consumotion (mo/L-hr) _

30 1 1 01 0 1 ...... .. ..
302 2 01 0:!
303 3 0, 01
304 4 0 0 _

305 5 0 0
306 6 220.5524 171.6656,
307 7 169.3293 96.23862
308 8 284.1862 80.7589 t
309 9 138.9334 78.96305
310 10 129.6188 73.66908 _311 •
3121

313- Oxygen Consumption

31-5 -
200

317 150 _

cco-L. 100

* 50
322 0. "

3213 2 3 4 5 6 7 8 9 10
324 stage325 i•
326- - ....
327 NITRIFICATION _

328 Term (a) Depletion of NH4 via heterotrphic uptake of soluble COD
329 Term (b) Depletion of NH4 via heterotrophic uptake of particulate COD
330 Term (c) Adding NH4 by death of heterotrophs
331 Term (d) Depletion of NH4 by Nitrosomonas

332 Stage Term (Wa) Term _ b Term (c) Term (d)
333 mg/L-d mg/L-hr mg/L-day mg/L-hr mg/L-d mg/L-hr mg/L-d mg/L-hr
334 1 134.8859 5.620245 10.282 0.428417 3.739775 0.155824 0 0
335 2 28.603111 1.191796 2.197605 0.091567 0.799622 0.033318 0 0
336 3 80.83992 3.36833 8.156236 0.339843 3.224434 0.134351 0 0
337 4 35.04241 1.4601 3.638512 0.151605 1.438896 0.059954 0 0
r338 5 12.3208 0.513367 1.293142 0.053881 0.511449 0.02131 0 0
339 6 153.7224 6.405101 43.62304 1.817627 17.28847 0.720353 255.173 10.63221
340 7 26.77256 1.115523 43.12526 1.796886 17.28847 0.720353 253.6478 10.56866
341 8 2.107 0.087792 41.96347 1.748478 17.28847 0.720353 249.387 10.39113
342 9 0.298322 0.01243 41.36485 1.723536 17.28847 0.720353 245.9755 10.24898
343 10 .015288 0.000637 39.59203 1.649668 17.28847 0.720353 21958365 9.159852
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A. B C D . E F G H i
346 ;

347 Total Nitrification _ __ _ _
348

349 Stage L I tma/L-hr __

350 1 148.9076 6.204485 _

351 2 31.60034 1.316681
352 3 92.22059 3.842525 9
353 4 40.11982 1.671659 _

354 5 14.12539 0.588558 -

355 6 469.807 19.57529
356 7 340.8341 14.20142 r
357 8 310.746 12.94775 1
358 9 304.9272 12.7053 _

359 10 276.7322 11.53051 _
360 i ... .. .
361

362 f ___

363 MLSS = Xltotal) = Xh + X..n.._ + xn_ _ .... + xnes_ _ _
364...

365 2977.459 62 31 537.6344 i
3661
367 _xttal)_= 3608.094 ngl/ ..... ___....

e 368__ _ _

369 _
370 _SPECIFIC DENITRIFICAION RAT[
371 _ . . ....
372 SDNR SDNR (gr. N03/gr. Xt-day)
373 Stage gr. NO3/gr.Xt-day Plant Data
374 _
375 1 0.207321 116.6932 0.18
376 2 0.043996 23.01773 0.02 I
377 3...3 0.128382 233.7835 0.06 ......./,378 ... I

SDNR38U

381 0.25
382
383 1 0.2a
384 '-- 0.15 Series1

385 a 0.1 -'" Series2

386 0 I

389 1 0 1 2 3
390 Stage __

391 1
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J K L M N 0 P
TABLE A.1 (INPUT VALUES FOR STORAGE MODEL)

2 MRT= 5 Qo= 20
3 so __= 228
4 _ras 9.35 Xnb 31
"-Sio)= 30 Knns) 0.5

S___ irax-1) 20 A 0.175874
7___-- _ S9= 30

8___ S1=_ __ Fh= 0.1
9__-/_ __o_ Kno . 0.75

10Yth) =0.35 UmiH)= 2.8
11l Fdn= 0.5 Kn(nb) = 0.6
12 mnXh= 2977.459 Kon(nitrifi) 0.5
13 __ IKs= 20 Koh(inhibl 0.1
14 m____Kos(het)= 0.1 V(total) 3.72
15 01= 0

.. N.. K (sto) = 0.937
17NOs = 0.75 Kss (sto) = 0.002

18__ __ V1= 0.156Sr = 30
19 Wo_= 0 SsO 0)/Xh 0.000115

[0 N010= 10 Ss(9)IXh 0.000388
21NO = 6.7 X(total) = 3910

22__A_= 0.175874________
23 Kd(hetj= 0.06 _________

2 K(hetero) 8 B
25 Qir(ax-3) = 40

0•06= 3
V V2 = 0.145_

SV3 = 0.5047
29 V4= 0.1241
0 V5= 0.124
41 0.3394

27 0.4648
33 2V8= 0.9296

34 924= 0.4648
51O 0.4648___ _____

37solve for X(h) and P110) ____ ________

38X(h) and the initially assumed __________

9PO 10) value are estimated by_____

4 Xlh) = 2977.459 4.55E-13 411.3998
421Po10) = 392.4781 0 ____

43 clear all concentrations04 1
4546-
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SR S T U v w x
1 :TABLE Al1 (CONTMED) _ __ " ...... _

2 K(part.) = 0.000982 Um(ns) = 0.5 NO2o 0.1 A = 0.503
3 Po= 228 Y(ns)= 0.1 -

4 PO10) . 392.4781 Xns 62
5 P(9)= 397.4781 Fn = 0.1 Umb 0.7
6 Mii)(o) 20 Kd (nitrif)= 0.01 Ynb = 0.05
7 X(i) 537.6344 No = 45 N02(9)= 0.9_ .....

a8 N10 = 2.9 N02(10)= 0.7 _

9 N9= 6.3 _
10•l...

.11
12 _
13

14 Macro Name: [SOLV STO.XLM]
15
16

.18
19
20
21
22. 23_________

.2 4 
........ .

25
26
27
28
29
30
3 1... '

.32
33

.34
3 5..... .
36
37
38 ...
39
40
411
42.
43

45

481
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A C D E FG H
1 B PHOENIX PROJECTI ~ (S TOR4 GE MODEL) __

2 OFit' Modl FOR ANAL YSIS (hazed an S TORGE 13. X.IS)
3 1*= 20;Qfras) =9. 35;Xifo) =20 Xns and Xnh awe fixed________

6 SCOD = 54.07295 -1 E-06 27721____ ___

7 NO =2.010418 2.02E-07 25.09641 5.078 4007 0. 307213
8 PCOD = 479.3755 _____8.46E-07 510.2971 1
9 N 21.20262, 7.05E-09 0 4.994335 2.786222~ 1.014853__.071

10 N02 = 0.537893 3.55E-1 4__ _ _ _____ _____ _ _ _____

11 Ox consu 1 0 0 _ _ _ 1_ _ _ __ _ _ _ _ _

12 SsIXh = 0.0O18073 8.5E-1 1 0.0479251
13 ____AX-2

14 SCOD = 51.66565 -1 E-06 118.8]____
15 NO = 1.28935 2.36E-08 20.25265 4.06571 11.266=341 .266726
16 PCOD 1 48071E-07 441.7871
17 N 21.09211 _____7.88E-1 0 0 4.030398 2.242069 0.81:8:8ý68 0.266726
18 N02 = 0.537893 ____ ________ ________

19 Ox consu I0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

20 Ss/Xh = 0.018098 9.48E-12 0.038675
21 1 X3

mh 22 ISCOD -30__ _ _ -E-6 16. __ _ _ __ _ _ ___ _____

23 NO = 2.164613 -1 .7E-07 79.2693 16.62348 42.24 0!99933 ___

24 PCOD = 439.3013 _____ -3E-07 476.8673 ____ ________ ___

25 N = 14.23665 -1.5E-08 0 15.77506 8.423622 3.34811 0.299933
26 N02 0.71 -1E-06 __ _ _ __ _ _ __ _ _ _ _ _ _ _ _ _ _

27 Ox Consu 0__ _ _ __ _ _ __ _ _ __ _ _ _ _ _ _

28 Ss/Xh = 0.012494 -1.8E-10 0.1513761
29 ____AX..4

30 SCOD = 30_____11____
31 NO = 1.804206 ____1. 31 E-071 18.44067 3,884555[ 9.8771171 0.2839931____
32 PCOD = 438.6728 _____ 6.35E-07 452.9044 1 _____________

33 N = 14.18234 ____2.56E-09 0 3.669804 1.965605 60.78238210.283993
34 N02 =0.7 __ _ _ __ _ _ __ _ _ __ _ _ __ _ _ _ _ _ _

35 Ox Consu_ 0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

36 Ss/Xh = 0.0121 3.12E-111 0.0352151
37 __ __ __ __ __ _

38 SCOD =3 ________ ____ ____

39 NO = 1.467539 -6.6E-09 17.20042 3.639397 9.241358 0.264892___
40 PCOD 438.0847 _____-3.2E-08 423.7524 ___ ________

41 N = 14.13165 -1.3E-10 0 3.422986 1.839085 0.733005 0.264892
42 N02 0.7 __ _ _ __ _ _ __ _ _ __ _ _ __ _ _ __ _ _ _ _ _ _

43 Ox Consu 0 ____ _ _ _ _ ________ __ _ ____

44 SsIXh = 0.011733 -1.6E-12 0. 032847

W6 SCOD= 30___ ___ ___ __ ____

47 _]NO = 2.261081 j -2E-071-73.831041 1.647038[0.364614{0.§158831 0.00927
48 PCOD = 433.36951 1___ -3.5E-071 5.2076031 416.0978! __
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A B C D E F G H I
49 N = 1 12.7678 22.89E-13 86.784851 26.19746, 14.74569! 5.867708 0.740685
50 N02 = 0.844978 -- 3.6E-13 86.78485 73.831041
51 Ox Consu 103.1783 f 292.74511 279.4472 81.95246, 1226.7211
52 Ss/Xh= 0.008919 --6.2E-07 0.251388 .. 1.53 Ox-1.'L7 -
54 SCOD = 30 .___..... _

55 NO = 3.411185 -3.3E-08 106.8637 2.2076261 0.545107 .1,349143• 0.00907
56 PCOD = 426.9998 -6.2E-08 7.671071 561.46031
57 N = 10.95301 -6E-14 118.1122 32.15546 19.91961 8.035683 0.663857
58 N02 0.970871 -1.4E-13 118.1122 106.8637 -1
59 Ox Consu 141.2656 396.6764 380.3214 118.6187 1208.625-
60 Ss/Xh = 0.005466 -1.1E-07 0.308561
61 Ox-4 /8______
62 SCOD = 30 -
63 NO = 5.822783 -4.1E-08 222.2464 2.760602 1.178162 2.831391!0.005671
64 PCOD = 414.6164 -9.7E-08 16.09896 1090.355
65 N= 7.687354 1.6E-12 231.9233 37.2083 38.72588 16.07137 0.384087
66 N02 1.079174 -1.6E-12 231.9233 222.2464
67 Ox Consu 279.2338 776.8415 746.7929 246.6935 1173.3131
68 Ss/Xh 0.00147 -6.3E-07 0.357047
69 ox-S ,
70 SCOD = 30
71 NO = 7.046403 -3.6E-09 112.0305 0.676028 0.60099 1.4230571 0.002777

* 72 PCOD = 408.5141 -1.1E-08 8.091338 537.1535
73 N = 6.184886 6.75E-14 114.2664 8.931178 19.08357 8.035683 0.1 4386
74 N02 1.104199 -1.8E-13 114.2664 112.0305_
75 Ox Consu 138.2708 384.338 367.938 124.3538 1155.851
76 Ss/Xh . 0.00051 -6.4E-07 0.085703
77 Ox-6 10
78 SCOD=T 30 .
79 NO = 10.5886 -1.2E-07 106.0975 0.10677 0.620973i 1.406388 0439
80 PCOD = 390.7364 -4.5E-07 7.996558 513.7777 _

81 N = 2.32638 3.1E-10 101.6556 1.365169 18.26211 8.035683 0.028184
82 N02 0.952856 -2.7E-10 101.6556 106.0975
83 Ox Consu 128.9668 372.5435 327.3309 117.7 682 1105.402k
84 SslXh = 6.42E-05 -1.6E-07 0.0131

86

187 _ _ _ __ _._ _
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A " a DC. -.. E F G H I

89 (concentration) (concentration) _ _

90 staae Calculated Plant Data
91 0 45 35.8 _17-Nov

92 1 21.20262 ..... 19.5 i
93 2 21.09211 20.5 ............
94 3 14.23665 14.7 +

95 4 14.18234 14 _

96 5 14.13165 14.4 P21% !

97 6 12.7678 12.7 0.067798
98 7 10.95301 11.5 -0.54699_
99 8 7.687354 8.2 -0.51265 27

100 9 6.184886 6.3 -0.11511
101 10 2.32638 2.9 -0.57362
102 1___ 1__ _ _ _ _ _ _ _ _ ___ _ _ _ _ _ _ _ _ _

103
104
105 Ammonia Concentration
106
107
108
109 40.110
ill 35
112 30
113
114 E 25
115 4 20
116 1 2r
117 15 ,
1181

119 10
120:

121
122 0 ,
123 0 2 4 6 8 10
125 

Stage

126
4127 Calculated & Plant Data

1 28
129
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A B .... C D E F(___
130 NITRATE ________
131 (concentration) (concentration) v
132 staae Calculated Plant Data _

133 0 0 0 17-Nov
134 1 2.010418 0.7 _

135 2 1.28935 0.7
136 3 2.164613 1.9
137 4 1.804206 1.4 4
138 5 1.467539 0.5 QDelt _

139 6 2.261081 0.9 1.361081
140 7 3.411185 1.9 1.511185
141 8 5.822783 5.6 0.222783
142 9 7.046403 6.7 0.346403
143 10 10.5886 10 0.588595 _
144 27

145
146
147 Nitrate Concentration
148
149150 12 T

151- -. 152 10 -.

153 8-
154 8
155
156 E

158

159 o 4 -1691••--

160
161
162 2 -

1 63
164 0
165 0 2 4 6 8 10
166
167 Stage-
168
169 = Calculated A Plant Data
170-
171 ... .. ..
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OA B C ...... D E F GH I

172 NITRITE173 (concentration) (concentration) ....... _ _

174 Se Calculated Plant Data 1
175 0 0.1 0.1 1 17-Nov _

176 1 0.537893 0.2 ........ t
177 2 0.537893 0 _
178 3 0.7 0.5 1
179 4 0.7 0.6 1
180 5 0.7 0.5 Dela_
181 6 0.844978 0.5 0.344978 I
182 7 0.970871 0.5 0.470871 _

183 8 1.079174 0.8 0.279174 _

184 9 1.104199 0.9 0.204199 _

185 10 0.952856 0.7 0.252856
1 8 6 . ............. __2 2
187

188
189 Nitrite Concentration
190
1911
192 1.2T
193
194S195
196 0.8
197
198 - 0.6
199 d

C
200 0

201 0.4

202
1203 0.2
204
205 0 I

206 0 2 4 6 8 10
207
208 Stage
209
210 = Calculated - Plant Data
211

212T1-24 -- I ... ]...IL]I]• .... -A

e-



97

A B C D E F G H
213 SOLUBLE ,,•QD

214 (concentration) (concentration) ,_, _ _

215 ctaj Calculated _Plant Data
216 0 228 228 17-Nov -

217 1 54.07295 53 ...... .___........

218 2 51 .66565 48 ! ....
219 3 30 31
220 4 30 27 .......
221 5 30 31
222 6 30 32
223 7 30 30 _

224 8 30 34 _

225 9 30 26
226 10 30 31
227 ,,•

228
229
230 SCOD Concentration
23123-"2•
232- 250 T
233
234
2 235 200
236
237
238 150
239 E
24

4241 c0 100
242
24324
244 50
245
246
247 0
248 0 2 4 6 8 10
250 

Stage

251
252 = Calculated A, Plant Data

253
1254 -,,

S
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AO C F G H2 5 P A R T CL A T C O I
256 (concentration) Concentration
257 $ Calculated from Plant Daa ta_

0 J 228 f

259 1 479.3755 XXXXXXX
260 2 478.0775 XXXXXXX
261 3 439.3013 XXXXXXX _

262 4 438.6728 XXXXXXX ___

263 5 438.0847 XXXXXXX
264 6 433.3695 XXXXXXX _ _

266 7 426.9998 XXXXXXX _

266 8 414.6164 XXXXXXX _

267 9 408.5141 XXXXXXX _

268 10 390.7364 XXXXXXX __

271
272 PCOD Concentration
213
274 500
27545
276450
* 2771 400
278 350
279
280 E

281 *250

282 200
283 150
284
285 100

286 50

288 0 2 4 6 8 10
289
290 Stage
231

293

294
295
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B C D E __ ___
296 OXYGEN CONSUMPTION FG
297 Calculated Oxygen __ Calculated Oxygen _

298 aa Consumolion (Ka/hr) Consumption (ma/L-hr__ _

299 1 0 0
300 2 0 0 __

301 3 0 0__t
302 4 0 0 __

303 5 0 0 0_
304 6 103.1783 80.30819 _

305 7 141.2656 80.28857 _

306 8 279.2338 79.35155 _

307 9 138.2708 78.58649 ,
308 10 128.9668 1 73.298511_

310 iio ri

311
312 Oxygen Consumption
313
314
315 90-
316 S~~80- --
317 8. 318 70-
319c
320 ca6
321 605-- : 50-
322E
323 40-
324 a~3U 30-
325
326 0 20-

327 10-
328 Z10
329 0 ,

330 1 2 3 4 5 6 7 8 9 10
331 Stage
332
333
334,_ _ _ _ _ _ _ _

336 MLSS = X(total) = Xh + Xns +Xnb + X(inerts) + X(part.)
337 _ _ _ _ _ _ __ _

338 2977.459 62 31 537.6344 301.9062
339 _____ _____ __ _ _ _

340 X(total) = 3910 mg/le- -
341 _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _

342_ ___ ___ _ _
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SA B C D .......E .... F ... G HI

343 STORED SUBSTRATE i
344 concentration _

345 SaWe Calculated __

346 0 0 [
347 1 0.018073
348 2 0.018098
349 3 0.012494 _

350 4 0.0121
351 5 0.011733
352 6 0.008919
353 7 0.005466
354 8 0.00147
355 9 0.00051_
356 10 6.42E-05 I357 ......

358
365- Stored Substrate Concentration

361 

r

362 0.02
363 0.018

So0.016
366 0.014

367 0.012
368 0.01
369 0.008
370 x

#A 0.006371
372. 

0.004

373 0.002
374 0 .

375 0 2 4 6 8 10
376
377 Stags

378
379

380
381

S382
;383
384
3 8 5 1 ..38 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



101

A B C D E F G I H)
386 SPECIFIC DENITRIFICATION RATE

388 SDNR SDNR (gr. NO3Igr. Xt-day)
389 Stage gr. N03/gr.Xt-day Plant Data
390

391 1 0.078413 44.13589 0.18
392 2 0.068017 35.5847 0.02 _ _

393 3 0.075904 138.2213 0.06___

395 1_ _

396
397 SDNR
398
4--9 0.18

401 0.16
402 * 0.14
403 T_ _ _ _ _ _ _

X 0.12 __ _ _ _ _ _
404
405 j 0.1 = Series'1

406 0.08 • Series2
4Q 0.08407 -a- - eis

* 408 cc0.06j
4_9 0.04
410
411 0.02
412 03 I I I

41 0 0.5 1 1.5 2 2.5 3
"414
415 Stage

4-16
418

418
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A C D E F G H I
419 NITRIFICATION _ _ _ _. ......_ _

420 Term 1a) I Depletion of NH4 by heterotrophic utilization of soluble degradable COD in cell storage
421 Term (b) Depletion of NH4 via heterotrophic uptake of particulate COD _

422 Term (c) Adding NH4 by death of heterotrophs i
423 Term (d) Depletion of NH4 by Nitrosomonas -

424 e Term (a) Term (b) Term Ic ___ Term (d)
425 mg/L-d 1mg/L-hr Img/L-day ,mg/L-hr mg/L-d mgIL-hr mg/L-d mgiL-hr
426 1 32.01497 1.333957 17.8604 0.744183 6.505469 0,271061 01 0
427 2 27.79585 1.15816 15.46255 0.644273 5.647369 0.235307 0 0

428 3 31,25632 1.302347 16.69036 0.695431 6.633862, 0.276411 0 0
429 4 29.595191 .233133 15.85165 0.660486 6.309534 0.262897 0, 0
430 5 27.60473 1.150197 14.83133 0.617972 5.9113341 0.246306 0 1 0
431 6 77.18755 3.216148 43.44634 1.810264 17.28847 0.720353 255.7008 10.6542
432 7 69.18127 2.882553 42.85627 1.785678 17.28847 0.720353 254.1141 10.58809
433 8 40.026141 1.667756 41.65865 1.735777 17.28847 0.720353 249.48721 10,3953
434 9 19.21511 0.800629 41.05759 1.710733 17.28847 0.720353 245.84 10.24333
435 10 2.9371111 0.12238 39.29023 1.637093 17.288471 0.720353 218.7082 9.112841
"436 __....
437_ _ _
438 __
4391 Total Nitrification 4...........
440
441 5o _______ -_____ malL-hr

442 1 56.38083 2.349201 1
443 2 48.90576 2 .0 3 7 7 4  _

444 3 54.58%.j4 2.274189 !
445 4 51.75638 2.156516 i
446 5 48.3474 2.014475 _

447 6 393.6232 16.40096 ...................._ _

448 7 383.4401 15.97667 _

449 8 348.4604 14.51918 "_
450 9 323.4012' 13.47505 ,
451 10 278.224 11.592671 _



Appendix C: List of Mass Balance Equations
for Storage Model and
Michaelis-Menton Model
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Mass Balance Equations for
Michaelis-Menton Model

Ammonia (Nff4-N) Mass Balances

Stage 1

VdN Q(O Q, )N0 Q,()(, ( js+Q,()(.
dt

-Yff [(QSO + (QR, SIO) + (QI, 1 )S9) - (QO + QJS+ Qiil )(S, )]F,y)

-Yf (Qpo)(Q+QAS)(PO)- (VIPIO+W11 )F

+(Kd)(XmKXV,)(FN )(FD ) C NO, '
NO. + NO,)

Stage 2

VdN2 0(+Rs+Q,,)N)-( js+Q()(2
dt

C PW 4.NS)) '(Xvs X N2) ( 02 V
Y~vs) (K + N2) ~Kojv+O02
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N 02

Stage 3

dNýl=0=( w+ ,)N)+(,,(,)-( w+Q,
dt

_(P*MNS) (XNVSXN 3)( 0 (V)
Y?,fs ) (KN+ -N 3) (Kov 0+q, 3

-YH[(Q 0 +QRS+i,( 4-)XIS)+(Qi.,(3)XS)(F)(Q 4-QM3A +Q4J(I)+Q4,(3))XI3)]]Fx)

-i(Kd)(XH)(V'XFN )(F~ (N0+NOJ

Stage 4

=t 0= Q,(,Q)+)(N,) -(Q. + ju + Qý + QpQ))(N 4)

(Pu*zS) ) (XNrS)(N4)( 04 V

-Ym[(Q. +QR ~ +Qir(I 3)))(F3) [(20 -sQJU 4-Qi,() +Q,3)p)YM

+(K)(X)(VXFN(Fl)(NO4
NIO, + NO4 )
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Stage 5

N' 0= (Q0 + +QF + Q,.I (3)(N 4) -(Q0 + I + Q*1 + Q42, 3))(NS)
dt

YNS )(KNv+ N5) ~Ko +0 5O,)

-Y,4 (Q0 + Q)US + Qk$) + Qi,(3))(S 4) - (QO +QAS + Q.W, + Qi,3))(Ss)](F-,)

- YH [(Q. + Q, +Qi,,l) + QL( 3))(P 4 ) -[(Q4 +QRdS + Q4r(l, + Q,(3) XFO ")]( )

+(Kd)(XHX V)(F, F) N05+O,

Stage 6

VL6= 0= (a0 + QRA + Q,~ + Qi,.())(Ns) -(Q + R~ + Q411 + QW)(N 6 )
dt

_(P.(Ns) (XNs)(N6) 06 V)

-YH[(QO +QMUS +2P(J) +Q4bI.3)XS4)-(Q6 +QPRg, +QO(I +Q4,,( 3)XS6)](FN)

-Y4[(Q4 +QR4S +Q4?(J) +QMp 3)XPS) (Q6 +QP4 +Q,,(l) +Qd( 3)XP 6 )](FV)

+(Kd(k))(XH)(V6)(Flv)( k.0+606 I
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O Stage 7

V&7= 0 =(QO + QRA + Qt,( + Qit))(N 6) - (Q~ + QRA + O + Q*()(N7)
dt

_(M(,NS))'(XN, XN 7) ( 07,V
YjNs )(KNj+ NO) IKON +07)

-Jff[(Q + QR4S + Q~,(I) +Qf6( 3))(4 6) (QW4+ QJUS + QWI)+ Q,. 3) XP 7)]Fx)

Stage 8

Vý3= 0= (QO + JU + QI + QI3))(N7) -(Q0 + R + Q'() +Q9*1( 3))(N8)
cit

IY~ i(KN+ Ns) ~Ko +0O S

-Yft [(QO + QRA + QiI + Q3))(S,) (Q0 + QRA + Ql + Q47 3))(SU)](FN)

00
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40 Stage 9

V4-= 0 = (Q0 + ju +Q +Q 1 3 )N)(, Ql +))N)

Ym J(KN+ Nq) ~Ko + 091

-Y4[(QO + QRS+ Qi~+ Q*ý3)0) -(Q0 + QU + Qt"I + *3)S](

* Stage 10

V -~o0= (QO + QW)(Nq) -(Q + QM)(NI.)
dt

_Yl[Q+ QJUS)(S,) - (Q0 + QRAS)(S 10 )](F,w)

+(K4h))(n)(Vo)(F k 10

W+010
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Nitrate (N0 3 -N) Mass Balances

Stage 1

V•P{2J. = 0 =(Qe)(N00 ) + (QU, )(0. 1)(NO,0) + (Q,,l())(N0,) -(Q4 + QW+ Q,(I)(NO1)dt

_ 1-1.42Y,,')(ptH))(x k. NO,__
2.86 Ayff ) I,.K+-Si ký + 01 NO, + NO,) I

L42(,XF k1 Y NO,
2.86 kk + 01 A NO, + N01

_(1 -1.42YH), k NOI )
~.2.86 )h +' 0""Lk 1 )NO. +NO,)

Stage 2

dt

_(I- 1.42Y,'s u.,H1F,~I 2 f f 0}
~~2..6 (' ) S2 Aw k_%Oj.N02+NO 2

2.86 \d) K~w). k.+ ) NO. + No

-1.42Y(d(v( (k )(k N O2)V

(1 H F(Kp)(I,)X",ILk N0 )V

S2.86 kh+2 O N 2
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Stage 3

V N= 0 = (Q0 + Q. 1+ Q,()))(NO 2) +(Q*(3))(NO,) -(Qo + ju + Q4,,(J))(NO 3)

di

(2-.86 YH t!3 K,+S, k, +03 J( O,+ NOS3

1.42 )( kd )( NO3 )
2.86 dH,(X.(.kh+O A NO, + NO3 )

2.86)F. K,)p3 k +03NO.+ NO0)

Stage 4

dt

(2.86 )ElJF K.+ S4 )J k.,+O 0( NO, +N04}

1.42 (kd)Xff(Fav( k m X~ NO4 .V
2.86\d( ) 1k~h+Q. ) NO, + N0 4 )

_(I - 1.42Y',, 'F k ~ O
1~2.86 )~(P( k.*1+O4 ) NO. + NO4 )



* Stage 5

0Q + ( -+Q0 0) + Q4, 3))(NO4) -(Q0 + QU +Q +Q,()(NO5)

d i~ (I - 1 .4 2 K4 - ) F D S 5  X f )1 ( k ..,, N O 5  V2.86 ~YH K. + Ss Jk. k+O 05, NO, + NO0)

_1.42XHFD ,( k~h) NO5 )
2.86 (k)X '(z)kk + 0 NO, + NO$

K2.86 k oPsIIk~+O,05NO. +N0 5)v

Stage 6

diO
0=( +Q -w+in Q~~,(XNO)-(N QL 06 +Q

+(N 1 KN+N02 6 )Kk.1 ,+06,'

l-L42F,, 5 () FS, X._X k. NO6  V

k2.86 'll K.+S k"A O L N1 +N0 6

142,kvXX.F (kA. i NO6 )
2.86 ''"'k.*+O0 6 No NO+N0 6

2.86 kohF + 6NO,+N6
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Stage 7

____vo (XNH)(N02 7 ) 07

+( YAF )( KN + N02 7 )k..+0 7 )

_(I-1-.42Y H ) )F XH ) ( k.~Oj NO N07}V

1.42(k( (~k_. )( NO7 )

2.86 (kd)(XfJf 2)(Fa)(k.1+ 07. NO. + NO7 )

_(1-i.421,~ F ( kF O

stage 8

-0 = (Q +Q~, +Q,~ 3 )(NO 7)-(Qo +QR,l, + +Q,,,,3))N

P-K~m))(X.)(N02 + 0.>V

1.42 )k(X F~k. * NOs )
-2.86 (kd)( .)\ kh + 0 NO. + NO,)
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-(1-1").42','(K,)(P.X. Nos

2.86 )Hkm + 08 ) NO, + NO$)

Stage 9

vdN 0 (Q + QRA + Q*( + Q4,, 3))(NOl)(Q WO + QfR+a(l) + Q*,(3))(N0 9)
dt

+Cv IKp +NO )k. + 09 r9

_(I-1i.42Y~ rH~ SX~kA(O

2.8 J K,+S9 ,JkkM+O,) NO.+N0,

1.42 k (x F~k_%' N09)

2.86 kh+ 09 NO, + N0 9

Stage 10

dt

__PNv _(Xv)(N__0)) 010 VI

_(1-1.42Y', '( P.,(H))FD ( S 10X,,____'( N 1
~~ 2.86 1~, + ¶ +S,0 )h k+ 010 NO. + N01 I0

1.42 _______Y. k NO10
2.86 k. +O01 NO, + N01
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.1-1. 42Yfl ~F DN(Kp)PO) kk.,+ 1 0 NOIO+NQ I
-( 2.86 ) h+00N.+NI

Nitrite (NO I Mass Balances

Stage 1

d,&V02 1 = 0= (Q0XN02 0) + (Qp~)N2O+QIXO, (O+, + Q,11))(NO2 1)

Stage 2

v dN022 = o = (Q0 + Q. + Q,ý,))(NO21) -(Q0 + ~ + Q$f))(N02 2)
dt

* Stage 3

dNO2 3 - = (+Qi,+ Q,(~(O +(a,( 3))(N02,) -( + +w + Q.( (3))(N02 3)

dt

Stage 4

V dN 025= =(Q + Q. + Qr1 )+ Q,,(3))(NO24) -(Q + QMS +Qa,1) + Q4 3))(NO25)

dt
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* Stage 6

dN&V2 6 -0 (Q + QIS+ bl)+ Ql,( 3))(N025) -(QO + Qs+ Qiý)+ Ql, 3))(N02 6)
dt

11(NIj'u( X.NSNO 2, ( 0, - V6

-(?Yis kIv(NB)X+NN02 6 ) _._+_0_

v dN02 7 - + (QRA + 4,I + Qi,13))(N02 6) - (Q0 + QRs+ Q()+ Q&1%3))(N02 7)
dt

Yvs AK + N7 AK. +07)

C 4(B) X"N0N27) 07 )(VW)
YNB kN(B) + N027 k. + 07)

Stage 8

vdNV02 8  0(QQ~ + Q ,, + Q (3)M2)-( + QA + Q,ýI + Qbf3))(N02s)
dt

_/PN5v) )(XNvBNO28 08 '1(VsC ND km(ND) + N028 k4. + 0 '
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* Stage 9

v dN02 0 (Q0 + QS+ Qlt)+ Ql, 3))(NO28) - (Q0 + Qps+ QljJ) + M)(2)

dt

+(P;;s(,vs zf( XhiO, 09)(

Stage 10

vdVO21, =0=(Q.+Q,,~)(NO29)-(Q0 +QR~s)(NO2 10)
dt

Y~ j VOIK.+00u(PNs)Xms NIO 010

Y(U(A)B kNO) + N02 10 kc4,. + 010- J()

SCOD Mass Balances

Stage 1

dt

where: R. =)(D)SI, (k NO,1

0.+S . 0 O O
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Stage 2

di

where: R. = NO. S2 NO2

= (Fkj,+ S2  k+02 NO, 3 0

Stage 3

dt= 0 =(QO + Q.+ Q4,(tl)(S2 ) + (Q43))(S9)-(Q+ Qe-Q + QW,.~)(SO)- (R.)(V3)

where: R.= K(Fav)f S3XHf '(_k*,__ 'Vf O3

\(k,+S 3 ) J~~+O NO, + NO3)

Stage 4

!V (Q + Q. +(Q0  I + Q,(3))(S3) -(a0 + QRA + Q-~, + ,3))( 4) -(R.a)(V4)
dt

where-: R = K(a)S 4XJI NO_ + NO4

(k. +S4 
3 kk +O04  NO,+N 4

Stage 5

V d35 (a+Q. +Q 91Q1) + 9,r(3))(S4) -(QO + R + Q*( + Q~j))(S5) -(R5 ,)(Vs)
di

*where: R.=K(Fw)( S3f )I k43,+O,( N05
(k. +Ss + NO. + NO,



Stage 6

k,+S 06 O+k,.

Ck,+S6 kk+Og NO, + 06

Stage 7

V =S 0 =(Q0 + QJUS ~Ql) + Q5*3)0)(SE (Q0 + Q,1A + Qý + Qir%3))(S,)
dt

k.4A+ S7 0- }__+ NO )

_(KS7Xff I( Y NO, V7

Stage 8

dt

-(KSsXft J( O Va

-(SX,) k. NOI +O)V
k. ,/kk.,+O,! NO 3 vO
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* stage 9

Vd = 0 =(Q0 + QRA + QtI +Q94 3))(SO) -(Q4 + QRA +Q00) + Qil)(S9)
di

C KSgX,X 09 )V
k.+S ,09+k.'I

K* x 9, 
09 )

k. + S koh+ 09ANO. +N0j 9

Stage 10

k,+-( S 1O 0 0 V;0
KSOXj kh N10
k. + S1  koh 0O0 NO. + N0I

PCOD Mass Balances

Stage 1

V d~i = 0= (QXp0)+(Q.+QwXp (V)Kfi'o) + )P)QOQ 4 (QQX~)P~
dt 0.9 a+1I .0 X6I r(I

where: r. = F(~X)kohY NO,
mv KpPXqkm+ 1 O,+ NO,
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* Stage 2

VdP Q+Q .()(I (.+QI 1l()-r(2
dt

where: r, = F.,(KAPXH)(kký (NO~ 2 )

Stage 3

=p W += Q. + Ql,ý+I))(JD + (Q,.(3))(PO)- (a + QW + 91(1) + Q,(3))(f3) r,,(V)
dt

where: r. = FDV(KPP3XH f k_ 'ý NO3

'~k.,O, + 0 NO, + NO3 )

* Stage 4

di

where: r~ = F(K X)k_' NO4
zw KPPXH)k.,+04NO.+ NO 4 )

Stage 5

di

where: r. = Fgw(KA~Xm)( kkOJ( N05O~
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* Stage 6

Vd6= 0= (Q + QW + l + ()XP)( - (Q4 + J +Q4, I) + Q*(3))(I6)
di

-(KPPX, , k,, ) NO.
('",kc* +O6 1NO, +i N0 6 )

-(KApXRV6)(k0O

Stage 7

* dP7 Q+QU 4)+Q()(6 Q+QU F()+Qt)(7
dt

-(KP7XHV7)koY NO7

'' 7"7 i(k~k+O07, NO. + NO7 )

-(KP 7XffV7)( k,0 7

Stage 8

Vdp8=0(+ RS+QO+ ,,3)p -(+ AS+fll+ 4()(I
di
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-(KPXH,)(k.o J0
Stage 9

dt

-(KPXV, k&%( NO9

( k"hk+O09)(NO. + NO)

-(K~X, V.)( k.+O0,

* Stage 10

dt

-(KPIXfV'( k.6 NO10
\p1ff1,(kh+Ol NO + NO10)

-(KPPIXHVIO
p 0 f1 (k. +0 /



123

0 OxySen Consumption

Stage 6

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

=[(A)(r. + 1. 42(Kd)(X, )](V6) + (3. 22)(rx,,(.))(VJ) + (1.11)(ro())(F)

where:

k-+S 6 A0 6 +kw)

A= - 1.4 2 (Y11)

Y (N.)k( 6 +k.)

r~NO,(.) (P-oD) )(~jXNVVo'!6)) 0,5..

Stage 7

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

= [(A)(r.. + 1.42(Kd)(Xff)](V7) + (3.22)(r,,f ,(.))(V,) + (1.1 1)(rNo,(.))(V 7 )

where:

(KS7XM 07

k+S 07+k.
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A = 1 - L 42(Y,,)

-NI (I'.Kiv ~Xis(N,)1( 07
- m k,,)KN+NV7 )07+kd.)

rN~~l(.Z)=(Nm;;s X)(Nz'z 2':7 01

stage 8

Dissolved oxygen Consumption Rate (Kg 02 / hr) Per stage

=[(A)(i'. + 1.42(Kd)(Xff )](Vs) + (3. 22)(r,,,(.))(V,) + (1.1 I1)(rvo,(.))(Vs)

where:

* (k.SX 08+k)

A = I-L14 2(Yff)

rNH Pm) tS Xv~s5(No:)( 0ukl,
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Stage 9

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

=[(A)(r. + 1.42(Kj)(X,)](V)) + (3.22)(r,,H.(.))(V,) + (11)(rI. I)(V,)

where:

(KS9X V
"k, +S9 0o,+k k.

A = 1-1.42(YH)

rNHO (.) = -(ll 09K .,+N 0o+k.

rO,( . , =(•Xn),N,2oy 09

Yx (K+09A9k@
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Stage 10

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

= (A)(ri. + 1. 42(K4 )(Xff,)](VJ/) + (3. 22)(rV,,(~,,))Q'Vj) + (1. 1 1)(rNQ(.))(VjQ)

where:

r ( K -SIOXH 0M) 0
k,W ,+ S70 )( 0, + Ik.)

A I - L42(Y,,)

rN. (.",Ns)( Xfs (NlO) 01
k NB KN. N1, 010 +c k.

r~0 , r~ (XNB)(N02 10) Y __0_0

YNO )(KN+NO210 Ao010 k.*)
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Storaf e Model Mass Balance Eguations

(Mass balance equations for PCOD and Nitrite in the Storage Model
are identical to the mass balance equations listed previously in the
Michaelis-Menton Model)

SsIXH Mass Balances

Stage 1

dt(/X = (Q",l)(SS( 9 )/XHf)+(Q~t )(S,( 10 jIXf) -(Q0+Q,(l) +QRA)(SS(l)/XH)

j* (QS - QOSR)(0. 7) - (R351,)(V,

where:

(k+S(,IX)k.,+O 1 NO5 +N01 FI

Stage 2

dt( ýXHf) =(QO+QnwQ 1f))(S3(1)/Xl)- (QO 0 ý1 + QRA)(SS( 2)/1Xf)

+(' [(a+ Q,. + 9,(o- (a0+ Q., + Ql, 2))(SR)](0- 10) - (R,,,)(V2

where:
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Rs,= k,( SS(2)/XH k( ~e, NO2  .)(F,~
S~~1 k +~ k+S.(2)XH) 1A kh+0 No, + N0 2 }

Stage 3

v dt ( + Q. + 91()(S()X +(Q)S() - (Q. + Q.,,I + QAA Q,(j)SS( 3)/Xff)

+,ij[(Q. + Qm, + Q,,)S,)- (Q. + Q,. + QO 2)(SR )](I. 0) - (R,,, )(V;)

where:

R kr SS(3)/A, kM, NO 3 + (N
=k.1 Z+ S,(3)/XA J(k~k+0oS, + NO3  (m

Stage 4

v d(Ss(4)XJ We +~ ~Q"+Qrl) + Qr(j(SS(3)/1XH) -(QO + Q,.I) + Q, + Q,))(SS( 4)/XH)di

where:

Rs~ = k, SS4 IJS~XMf) kA,+O 3(N N04 )(Fav)
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* Stage 5

d(ss X , 
Q +Q 10 "3)S(5) 

'X 

Hv Xdi =Q + Q.~ + + Q,,(3))(SS( 4)/XH) - R+QS

where:

Rs, =k.. SS(5)/XKf k_"ý Nos (
k S.(5,A. k~h+0) NO.,+ NO5

Stage 6

,v d SS(6) X + Q .+ Q ,)+ Q ,(3))(SS(S)/X H ) + Q 1 + Q RA + , 3)( S 6I H

* ~-(Rs,~)(V,)

where:

Rsu= k.(~'" k86)/ Oj 0

Stage 7

vd(sS(7) XHIJ + a .Q4 + QI +Q,.( 3))(SS(,o)IXH) -( .+ Q ,(1 ) + Q HA + Q r(3))(SS(,)I1XH)

where:

Rsu= k( ki S(7)/KHt k.~ + 0
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* Stage 8

v / ) ( + Q.+ Q,,I + Q, 3))(SS(l) /XH) - + Q10 + Qt + QP( 3))(SS(l)/XH)

di

where:

Stage 9

vds( xH) ( + a.u + Q( + Q7(3) )(SSM !XH) + (QO + + QS+ ,3)s( 1H

di

* -(R,,1 , )(,)

where:

R.u= k 1 OJ)/X

Stage 10

d(S1oýY)k = (Qo + QW)(ss( 9)!/XHf) -(a~ + Q,~s)(SS(lO) /XH)

dt

where:

= j + Ss(10)/Xfk.,+
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SCOD Mass Balances (Storaice Model)

Stage 1

V~S)= 0 = QS. + (Q1)S)~ ( 1 )( 0 ~ +,~ ( 1

-(Qas0 - QOSR)(0. 70)

Stage 2

+o+ Q. + Q,, ,)(S1) - (a~ + Q,, + Q~l))(SR )j(0. 10)

Stage 3

V4)= 0 = (Q0 + QRA + Qh,( 1))( 2) +(Qi, 3))(S9) -(QO + Q*( + QRAS + QI,()(S 3 )

+Q+ Q-. + Qi~l)(S2) - OR~ + Q., + 2l)()]10)

S3 = S4 = S5 = S6 = S7 = S8= *9 =S1
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Ammonia (NHA-N) Mass Balances

Stage 1

V =N 0 =(Q 4)(N,) + (Q,,,, )(NIO) +(Q,,l))(Ng) - (Q0 + Qp~ + Q*,)(NI)
dt

~Yms )(KN +NI) K'omN+ 0 1

-YH[Xff(Rsu )Q",)](Fx)

0 ~~+(K,)(XHXV, )(FN)J., NO,

,I)(NO. + NO,)

wh.ere:
= ,( Ss,Q)/X,, k ____NO,'F

Ik8,+(S$ 1,)/Xf) Ak.*+O 1 AO+O 1lJ

Stage 2

VdN2=0( us+
=t 0h ( 0 +Q ,~))(Nl) -(Q + Qju + Q4,(,)(N 2)

Jls(KN+ NO ~K +0)2

0-YKf[(Q. + QS + G1.))(JD)- [(QO +QGUS +QGlI) XP2)]](Fv)
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+(Kd)(XH,)(V, (,)(F )w)( N01 + r2.

where:

Rs3 u =k k, SS(21 /XH k+ NO2 1 (Fnl)

Stage 3

= 0 (Q +Q. + ,(N.)+(Qa)))(N,) (Q ~Q1.. a.)1 +Q)(N 1 )

_(p(Ns )(XNs X(N3) ( 03 V3/

Yjvs (N +N) l.Kolv+03)

k4'( 
NO. + NO3

k., +(S,(3/XH)) kWA,+0 3)( ,+ 0
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* Stage 4

V =~r 0 =(Q0 + QOA + Q,( + Q*3))(N 3) -(QO + QIW + Q + QWr3))(N4)
di

-YHIXH(RsV )IY.)](FNv)

+(Kd)(XH)WVXFN NON NO4 )

where:

Rsu= k.( SS()II k. N(F4

Stage 5

V-dN5 = 0 (Q0 + A +Q4,( ) + Q*(3))(NO)- (QO + R + Ql,, + QI,)(N 5)
cit

((N) (Xs X Ns) Os 0 ,

Y~Ns) (K + N5) KONv+O J05

-YHII[Xm(RsU )(Vs) X jv)

-Y,4(Q 0 + Q. + Q&,, + Qi.(3))(P4) -[(Qo + QIU + Ql, + Qbr(3))(P5)]](FN)



135

+(KA)XHX)V5)(FN X(Fa)( NO, + NO5

where:

s~voI~k.,+(S,(,)/Xfl) kh~+Osk NO,+ NO,)

Stage 6

V!-0= (QO + QA + Q1,1 + Q*3))(Ns) -(Q + QRA + Q*,, + Qtr(3))(N 6)dt

+(KdNs))(X,)(1)((N6) kn016 Vi

Y, ) =Ký + (S/~ NJ) k.v 06)
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* Stage 7

V ?7= 0 =(Q~ + QR + Qp(1) + Qf( 3))(N6) - (Q0 + QR~ +Qa(,) + Q*(3))(N 7)
dt

___(j. v)( XNsXN 7 ) ( 07 V

YN )acN+ NO7 1.KoN+07 7)'

-Yff[(QO + QRA + Q& + Qt,(3)(P 6) -(Q6 + QRA + Q.,l + Q,(3)XP 7)(FM)

0 where:

Rsv= k +SV(7)/XH)An 07

Stage 8

d~t

N(.AS)) (Xjvs)(Na) ( 0I --- (VI)
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(k+O, 3
where:______ krOJ

Stage 9

V N9= 0 = (QO + QJU + Qi,( + Qi,)))(NI) -(Q~ + QP + Q(I + Q( 3))(Nl)
dt

_(" j ,s)(XNs )(N,) ( 09_. _)(

* -YHIXH (Rsu3 g)(N

where:

= .+(S.A,/XH ) k(,.+oJ
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0 Stage 10

dN

0V- -0= (Q

Y~ ~vs) (KN+ N,0 ) ý K 0 ,,+Q 010 O

-YHl[ XH(Rs, u) (I )Q 0) ](FNv)

(~k. +10)

where:

*s = k,, +S(i0) /XH) 01

Nitrate (N03-N) Mass Balances

stage 1

VdNO1 = 0 (Q.)(N0 0 ) + (QRAS)(O. 1)(N0 10) + (Qr(I))(N0 9) - (Q0 + Qm+ ,(,)NI
di

_(1-L42(YH) )1XH)(Rs.u)(Vj)]

142 kb,)X.)(F)( k.Ahi NO,
2.86 ''"".koh + 01 XNO. +NO,

* (I-1.42YH j K)DX k_%V NO, )
1~2.86 )Fjv(K)(")1\ (kM +O01 NO.+ NO,)I
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where:

= k Sl/X Yk~h NO1  'IF

Stage 2

(-2.86 g/SU2J

1.42 (kd)(Xff)(FnV) (klA Ny NO
2.86 'L.k 1 +O2  NO, + N2

where:

0s t S2IX _ 0 (
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* Stage 3

V dO30= (a~ + Ql QllJ))(NOl) +(QI, 3))(NO,) -(a0 +Q, +Qp 1 )N

_I-1.42(r ____Rs)(V3 NO
2.86 (k)(H )kko,).N0+O 3 )

(11.42 4 (k 'Xj)(~v( N O3 3 ')V

F. (K,)(P)X.( k~ N03.)
286 )h k+O03 NO, N+ NO3 j

where:

R = k.. SS( 3 /XH "fk, 1 NO3 )(F.)
k- I, + (S$(3)X) 1f)~ k-h+O03 )L O No, +)VO

Stage 4

VdNO 4 = o (a, + ý Q1 + Q4,t())(NO3) -(aO + QIU + Q11 + Qfr())(N0 4)

-( 2.86 JI~ U')

t'4-2(k)(Xff(F~w( k -A ')N V4
2.86 "' 1k A+O0 4 )NO. + NO4 )

_1-1.42YHr F~ FK,A)(p4) X. kA, _V04____(2.86 Jk k+O04 'NO, +N'O4)4

1.
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where:

k.,(S,4)X,, k+04 JNO. 0

Stage 5

No'0=QQ +I)Q 3 )(N04 ) -(Q + Qjs + Q,(l)+ Qf( 3))(NO5)

1. 42(Yf 
_______ _________

~2.86

where:

Rsu =k k. SS(s) /XH ~ km N0( NOw
k+ (S,(,)/Xff) )I\k~h+O, NO + NO5

Stage 6

VdNO 6  0 (94+QRA + Qtj + Q41.%3))(NOS) -(Q~ + QjU + + Qt,3))(NO6)
di

(P.(NiB) (XND r)(N02 6 ) LO 06 -VAN KN +N02 6 Ak..+06)

1. 42(Yff,
( 2.86
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142 (kd)(X)(FDS)( k~' NO6'V
2.86 khkM+0 6 JkNO, +N0 6J )

(1- 1.42YK' FD (Kp)p ' f (k-h ý( NO6 )V
2.86 ) PkXHk.h,+o06 )( No. + NO6 )

where:

Rs~ = k.j ______F k NO6 )(FDN
(k,+(Ss(6)/XN))~ kk+O 6 )NO, + NO6 )

* Stage 7

VdNO 7 =0= (Q0 + RS+Q,ýI O3)(o (Q0 + QRA + QfI +Q9,(3))(NO 7)
di

+rP,.NB) )(XNB)(N0i27) 07 )V
YNR ) KN+N02 7 )k. +07

2.86)[X)( 5 )U]

1.42 NkV7 NO
2.86 ~ k Ok+0 7JkNO, + NO7 )

(i-i. 42YH' FK,~~cA O

0K)(
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where:

ks(7+07 k NO7  (F)

=kM k., + (S$(7,/XI) )I 0 No- +NO 7 )O

Stage 8

VdNO, 0 (Q + QRA + Q,( + Qi,3)(NO 7) -(Q + RA + Q4,( + Q4, 3))(N0,)
dt

+ 1 k 42(Y) (XN, )(N021 ,) Vs

1.42(kd)(Xm(F (k., ( NOs
2.86 DdJ\ "'~.kh+O0,!NO, + NO,)

S2.86 )F'v (Kp""cXI km +O 03 NO., + NO,)

where:

Rs~ =k.. S8(s) /X,, k ~ N~9, ' FDI)
y.+ (S,(,)/X,,) )~k.6A+01 NO + NO,)
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* Stage 9

Vý-90 =(Qo ±Q~ +Q, + Qfr(,))(NO.) -(Qa + Q,,, + Q, + Q4, 3))(NO9)
dt

+(I~s) )(gDXg9)k. + 0,>

2.86

1.42(kd)(XM)(FD)IV k YI V92.86 (ko 9A]O +N)O,

_(1-1. 42YHD"((9X k __09_ NO,
K2.86 Hh+0 )F(P)P)XV~OJ( NOV0

where:

ssg)m k~s +09 NO(F

Stage 10

VdNO,, 0 (Q+Q N9 (Q+RA)NO)
dt

Y~a jv+NOV210) k. + 010>

K 2.86 IJ
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1.l42(k)X )(Fk 101 )V

2.86 dkkk) +O, o k A + 01 NO, +No ) '0

C 1-1.42Yff "~Ftw ,(Kp)Pj)Xm kI NOW )V
2.86 F) () k+ NO, + NO, )0

where:

Rs =k(. SS(IO)/XHf k ~( NOW 0  ('FD

"R k. +(Ss(,o)/XH) k.6 +o0, NO, + NO o)

Nitrite (NO,-) Mass Balances

(see mass balance equations for nitrite listed previously for Michaelis-Menton

Model)

PCOD Mass Balances

(see mass balance equations for PCOD listed previously for Michaelis-Menton

Model)
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Oxvyen Consumption

Stage 6

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

= [(A)(r,, + 1. 42(Kd)(XH)](V6) + (3.22)(rN...( + (1.11)(rI o ,,I))(V6)

where:

RsU= k.tlk SS()11XH ) 06  + +kpP(F)(XH)(~ J6n,.• k.. +. +(sI,,/ xH) k. +06 kJ. +o06

A = 1-1.42(Y,,)

"ro,'--( AX,,+XN2,) Ao +k.,)

Stage 7

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

= [(A)(r + 1.42(Kd)(XH )](V 7) + (3.22)(rvv.,.))(V7 ) + (1.1 1)(ro,,O..))(V7 )

0
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where:

R5U= k,.( k (sS(7) / XH)Jq07o 3+ kpP()(XH)( 07

A = 1- 1. 42(Y1',)

= P.KAS) J( S O7+k. 0)

Stage 8

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

=[(A)(i,. + 1. 42(Kd)(Xff )](Vs~) + (3. 22)(ru,(.) )(V,) + (1.1I 1)(rNO())'

where:

= ko.k+(S/()X,,) 3 (k..+OP(j )k,. + O

A= 1- 1. 42(Y',)

r IO(W)S- C ,(N 02) '1( 08)

Yv,!K, +NO2 ) a 0, + k.,
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0 Stage 9

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

=[(A)(r. + 1. 42(Kd )(Xff )](Vg) + (3. 22)(rN,I(e.))Q'g) + (1.1I 1)(rO (.))(,

where:

R,=k.( SS(,,/ýX,, 0____ _______X. 0
k . + ( S ( ) 1 R . + 0 . + 0

A = 1-1L42(1',,)

r P(ILYNS) )XNS (N9)( 09
'NHai) YN,? )KN +Nq 0o+k..,

* rNO,() = 1 KN+NO29 X 09+k1.)

Stage 10

Dissolved Oxygen Consumption Rate (Kg 02 / hr) per stage

=[(A)(r.. + 1. 42(K1 )(X,, )]U';.) + (3. 22)(r1j,,(.))(Vo) + (1.1 1)(rvo (.~))V)

where:

k. ( .( ) (X k..+0 10)k 1

A = I- 142(Y,.
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_______S NIO 010 '
YvB K+ N10  010 + k.n

rNvo(,,) (XAB)(N02 10)) 01
Yv K r+N0210 010 + k.)


